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Abstract  
 
In order to understand the behaviour of two-phase flow in inclined pipes, an extensive 
programme of work has been undertaken using the Inclinable Facility in the 
laboratories of the School of Chemical, Environmental and Mining Engineering at the 
University of Nottingham.  The test pipe (6.5 m long) could be positioned at angles 
between -20q downwards and vertical upwards. Two pipe diameters were used; 
namely 38 mm and 67 mm.  The fluids used were air and water.  Superficial velocities 
for air ranged from 0.15 to 8.9 m/s and from 0.04 m/s to 0.7 m/s for water.  Time 
series of liquid holdup (using capacitance probes) and pressure drop (differential 
pressure transducer) were measured.  In addition, a high speed video system was used 
in order to obtain image sequence of the flow under different selected conditions.  
 
It was found that for upward inclined flow most of the experiments fall within the slug 
flow regime whereas for inclined downward flow the dominant flow pattern is 
stratified flow. For horizontal flow, the flow regime depends more on the gas and 
liquid superficial velocities. Data for liquid holdup, pressure drop, frequency and 
translational velocity of periodical structures are reported. Comparisons with literature 
correlations and data are performed as well. Frequency was found to be strongly 
affected by inclination angle and a correlation has been proposed.  
 
An effect of the pipe diameter is also found under certain flow conditions mainly on 
the liquid holdup, pressure drop and structure velocity. Increase of pipe diameter 
displaces the bubbly-slug transition to the right hand side on the flow pattern map for 
inclined flow, and for horizontal pipe the stratified-slug transition is moved up.  
 
In addition, a CFD code has been used to successfully model the hydrodynamics of 
the slug flow pattern, using the Volume of Fluid model based on the Euler-Euler 
approach. The modeling results are validated with the experiments and also provide 
more detailed information on the flow such as the velocity field. 
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Chapter 1 
 
Introduction 
 
 
 
Multiphase flows are of great interest to a large variety of industries. The power 
generation, nuclear reactor technology, food production, chemical process, petroleum, 
aerospace and automotive industries are all driving forces in this complex field. This 
work is concerned only with gas-liquid flows in inclined pipes with particular interest 
towards oil and gas industry applications. 
 
1.1  Multiphase flow in pipes 
The mixtures of two fluids in pipes are frequently encountered. Flow instabilities may 
cause the mixture to arrange itself into different geometric configurations. These 
geometric configurations are usually referred to as flow patterns or regimes. A little 
reflection will show that the orientation of the pipe makes a difference in the flow 
regime because of the role played by gravity and the density difference between the 
two fluids.  
 
1.2 Flow patterns in gas-liquid pipe flow 
When a gas-liquid mixture flows along a pipe, different flow patterns can be 
produced, influenced by several variables. Many flow patterns have been named in 
vertical, horizontal and inclined gas/liquid flow in pipes.  
 
1.2.1 Flow patterns in horizontal systems. 
Flow regimes in horizontal flow are illustrated in Figure 1.1. Here, as gravity acts 
perpendicular to flow direction, separation of the flow might occur.  The respective 
flow regimes are stratified flow, where the gravitational separation is complete; 
Chapter1:  Introduction 
 2 
stratified-wavy flow; bubble flow, where the bubbles are dispersed in the liquid 
continuum; annular dispersed flow, which is similar to that in vertical flow, though 
there is asymmetry in the film thickness due to the action of gravity; and a variety of 
intermittent flows. This latter category includes plug flow, in which there are large 
bubbles flowing near the top of the tube; semi-slug flow, where very large waves are 
present on the stratified layer; and slug flow, where these waves touch the top of the 
tube and form a liquid slug which passes rapidly along the channel.  
 
(3)
(6)
(5)
(4)
(1)
(2)
Bubbly flow
Plug flow
Stratified flow
Stratified wavy flow
Slug flow
Annular flow
 
Figure 1.1 Two-phase flow patterns in horizontal pipes 
 
 
 
It is often necessary to predict regimes, and the usual procedure is to plot the 
information in terms of a flow regime map. Many of these maps are plotted in terms 
of primary variables (superficial velocity of the phases or mass flux and quality, for 
instance), but there has been a great deal of work aimed at generalizing the plots, so 
that they can be applied to a wide range of channel geometries and physical properties 
of the fluids. 
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1.2.2 Flow patterns in vertical systems. 
The major flow patterns encountered in vertical co-current flow of gas and liquid 
(bubbly, slug, churn, and annular) are shown schematically in figure 1.2. 
 
a)  Slug flow
Flow
b)  Churn flow
Flow
c)  Bubbly Flow
Flow
a)  Annular flow
Flow
 
 
Figure 1.2 Flow patterns in vertical upward flow 
 
At low gas flow rates, the gas phase tends to rise through the continuous liquid 
medium as small, discrete bubbles, giving rise to the name bubbly flow. As the gas 
flow rate increases, the smaller bubbles begin to coalesce and form larger bubbles. At 
sufficiently high gas flow rates, the agglomerated bubbles become large enough to 
RFFXS\DOPRVW WKHHQWLUHSLSHFURVV VHFWLRQ7KHVH ODUJH EXEEOHVNQRZQ DV ³7D\ORU
bubbleV´ VHSDUDWH WKH OLTXLG VOXJV EHWZHHQ WKHP 7KH OLTXLG VOXJV ZKLFK XVXDOO\
contain smaller entrained gas bubbles, provide the name of the flow regime. At still 
higher flow rates, the shear stress between the Taylor bubble and the liquid film 
increases, finally causing a breakdown of the liquid film and the bubbles. The 
resultant churning motion of the fluids gives rise to the name of this flow pattern. 
 
The final flow pattern, annular flow, occurs at extremely high gas flow rates, which 
cause the entire gas phase to flow through the central portion of the tube. Some liquid 
is entrained in the gas core as droplets, while the rest of the liquid flows up the wall 
through the annulus formed by the tube wall and the gas core.  
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1.2.3 Flow patterns in upward inclined systems. 
Flow patterns observed in upward inclined flow are quite similar to those observed in 
vertical upward flow, especially for near-vertical systems. They include bubbly and 
dispersed bubbly, slug, churn and annular flow in inclined systems, Figure 1.3. 
Bubbly 
flow
Slug
 flow
Churn 
flow
Annular 
flow
 
 
Figure 1.3 Flow patterns of co-current gas/liquid flow in inclined pipes. 
 
For systems deviated more than 20q from vertical, churn flow is rarely observed. For 
near horizontal systems, the bubbly flow pattern is sometimes absent. Indeed, Taitel et 
al. (1978) contended that for systems deviated more than 50q from vertical, bubbly 
flow never occurs. Additionally for near-horizontal systems, stratified flow is 
observed. 
 
1.2.4 Flow patterns in downward two-phase flow 
Downward simultaneous flow of gas and liquid, although rare, is important in the 
chemical process industry and also in petroleum production. An example of two-phase 
down flow is the injection of wet steam in thermal recovery.  
 
Barnea et al. (1982) studied the flow pattern transition for downward inclined two 
phase flow; horizontal to vertical. They found that increasing the inclination angle 
strongly affects the interface shape which varies from a smooth for zero inclination to 
wavy stratified at higher inclinations and to nearly axially-symmetric annular flow for 
inclination angles approaching the vertical.  
Chapter1:  Introduction 
 5 
1.3 Motivation 
In the literature the majority of information on two-phase flow is for vertical and 
horizontal pipes.  There is a moderate amount on pipes inclined a few degrees from the 
horizontal and data for large inclinations are much more sparse.  Papers on flow patterns 
in steeply inclined flow have been published by Spedding and Nguyen (1976), Barnea 
et al. (1985) and Mukherjee and Brill (1985).  Most of the data involved is from air-
water experiments.  Pressure drop data has been published by Beggs and Brill (1973) 
and Spedding et al. (1982).  The last two sources also provided void fraction (1 - liquid 
holdup) data.   
 
1.4 Aims of study 
The study of gas-liquid flow includes the prediction of the principal variables ± liquid 
holdup, frequency, structure velocity and pressure gradient ± as a function of the 
inclination angle and the flow conditions. Hence, this work is aimed at addressing 
aspects of two-phase gas/liquid flow in inclined pipes, in particular, the case of slug 
flow. This involves: 
 
x Calibration of the capacitance probes needed for measuring the liquid holdup 
 
x Report of new data for gas liquid flow in inclined pipes 
 
x Study of the effect of the pipe diameter on slug flow features  
 
x Modelling the hydrodynamics of slug flow with Computational Fluid Dynamics 
(CFD) techniques. 
   
1.5 Structure of the thesis  
This work is divided into 7 chapters as described below and some other relevant 
information is provided in appendices: 
 
Chapter 1 provides an introduction to the thesis, defining the problems, aims of the 
study and structure of the thesis. 
Chapter1:  Introduction 
 6 
Chapter 2 contains a review of published work on two-phase flows in pipelines. The 
flow patterns and flow pattern maps for the horizontal, vertical, and inclined pipes are 
described. Particular emphasis is given to models available for predicting the liquid 
holdup, pressure drop, and slug characteristics and the current state of research 
activity into the potential applications of Computational Fluid Dynamics (CFD) in 
gas-liquid flow.  
 
Chapter 3 describes the experimental apparatus; the properties of fluids used and the 
technique for measurements of liquid holdup and pressure drop. This chapter also 
includes a brief description of important facility components such as the data 
acquisition software and instrumentation.  
 
Chapter 4 presents the experimental results obtained in the experiments performed 
with a 38 mm pipe. The signal analysis that has been performed in order to process the 
data is explained together with the discussion of the data. 
 
Chapter 5 focuses on experimental results obtained with 67 mm pipe. In addition, the 
effect of pipe diameter is studied by means of a comparison between the results 
obtained in both 38 mm and 67 mm pipes. 
 
Chapter 6 is dedicated to the modelling results obtained with Computational Fluid 
Dynamics for the slug hydrodynamics. Comparison between the experiment and the 
modelling is performed in order to validate the modelling results. 
 
Chapter 7 Brings together all the key conclusions from this work. Recommendations 
for further work are also provided. 
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Chapter 2 
 
Literature review 
 
 
In the literature, extensive studies exist on horizontal and vertically upwards gas-
liquid flow.  These include models and correlations for flow pattern transitions, 
pressure drop and liquid holdup among other parameters.  Commercial pipelines, 
however, follow normal terrain variations and consist almost entirely of uphill and 
downhill inclined sections, and therefore the models and correlations developed for 
horizontal or vertical flow are not always applicable, Hasan and Kabir (1988). Pipe 
inclination adds another dimension to the already complex flow phenomena, generally 
observed in horizontal and vertical pipes.   
 
This chapter aims at highlighting the most relevant aspects related to the state of the 
art in the field on two-phase flow in inclined pipes. These are included in the 
following sections: 2.1 Flow pattern identification techniques, 2.2 Flow pattern maps, 
2.3 Liquid holdup, 2.4 Pressure drop, 2.5 Slug flow characteristics and 2.6 
Computational Fluid Dynamics.   
 
 
2.1 Flow pattern identification 
The simplest way to determine the gas liquid flow pattern is to merely observe them 
flowing along transparent pipes. Where this is not feasible because of high gas and 
liquid flow rates, high-speed photography is employed. Those methods are of no use 
within an actual system because industrial pipelines are generally not transparent.  
Other techniques are briefly described below. 
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2.1.1 Photon attenuation Technique 
Photon attenuation technique has been widely applied and is based on the absorption 
of X-rays or Ǆ-rays by the liquid phase and its relationship to the void fraction. The 
rays can either come along a single beam as used by Jones and Zuber (1975) or from 
any array of multiple beams across the flow path. It was their significant work using 
X-ray absorption, which highlighted the usefulness of statistical analysis techniques 
for flow pattern determination. Typical probability density functions of the void 
fraction variations they used to identify flow patterns are shown in Figure 2.1. 
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Figure 2.1 X-ray absorption Probability Density Functions of void fraction by Jones and 
Zuber (1975) 
 
2.1.2 Pressure fluctuations 
Hubbard and Dukler (1966) were the first researchers to analyze pressure fluctuations 
in an attempt to try and identify flow patterns. Using experimental data from a 
horizontal air-water flow facility they developed a method to determine the flow 
pattern from the spectral distribution of the wall pressure fluctuations. Figure 2.2 
shows the three basic spectral distributions they observed. 
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Figure 2.2 Power spectral density of wall pressure fluctuation from Hubbard and Dukler 
(1966). 
 
Type A distributions, which are characteristics of turbulent flows with a maximum 
zero frequency, correspond to stratified and low entrainment annular flows. Type B 
spectrum corresponds to intermittent flows, showing features typical of periodic 
processes. Finally, type C distributions relate to bubbly or mist flows, with a spectral 
characteristic of white noise. It can be noted that more complex flow patterns can be 
considered to be superimposition of two basic patterns.  
 
2.1.3 Electrical tomography 
The field of electrical tomography can be separated into two distinct regions based on 
the method by which the electrical field is produced, either conductance or 
capacitance. The choice will be based primarily on the electrical properties of the 
fluids, whether they conduct or not.  
 
2.1.3.1 Conductance tomography 
Conductance tomography consists of multiple conductance probes flush-mounted and 
evenly distributed around the entire pipe interior. There are essentially two methods of 
measurements, either using a constant current and measuring the resulting potential at 
the other electrodes, or applying a constant potential between two electrodes and 
measuring the induced current. Since there is a need for the electrodes to be in direct 
electrical contact with the conducting fluid, tomographic imaging of certain flow 
patterns, for example slug flow, can not be achieved with this flush-mounted method. 
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To overcome this shortfall Reinecke et al. (1998) proposed an extension of the 
conductance approach that used wire-mesh electrodes. Their arrangement, shown in 
Figure 2.3, consisted of three planes of 29 thin wires each with a diameter of 0.1 mm. 
The planes are set 3mm apart and the wires of two successive planes from an angle of 
60º.  
 
By measuring the impedance between all pairs of adjacent wires in the same plane as 
a projection of the conductivity distribution along the direction of the wires is 
obtained. For each plane, the impedance measurement is carried out with a high 
frequency (1000 Hz) alternating current, with the sampling of the individual electrode 
pairs performed by a multiplex unit. This process results in three independent 
projections, which are then transformed into the conductivity distribution and then 
further interpreted as the void fraction distribution.  
 
Measurement 
Volume
Measurement 
Object
Multiplexing 
circuit
Amplifier       A/D
 conversion
Conductance 
      meter
Computer
Sensor
 
 
 
Figure 2.3 Schematic representation of the measuring chain for wire mesh tomographic 
measurement technique by Reinecke et al. (1998). 
 
The main disadvantage of the approach of Reinecke et al. (1998) was, according to 
Prasser et al. (1998), the image reconstruction step, both in terms of the time overhead 
and the undetermined nature of the equations needed to be solved. In view of this, 
Prasser et al. (1998) presented a new wire sensor for fast tomographic imaging 
without the need for time consuming and potentially inaccurate image reconstruction 
procedures.  
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The sensor, shown schematically in Figure 2.4, used two electrodes planes 1.5 mm 
apart, one for transmitting and the other for receiving signals. Each plane consisted of 
sixteen 0.12 mm diameter electrode wires, producing a grid of 16x16 measurements 
points evenly distributed across the pipe cross-section. The grid had a free area of 
approximately 96 %, with a negligible pressure drop. In one measurement cycle, the 
transmitter electrodes are activated by a multiplex circuit in successive order. 
I
H
ADC
I
H
ADC
H
I ADC
H
I ADC
S1
S1
S1
S1
Voltage 
supply
SP
Transmiter electrodes
Tube
Receiver Electrodes
R1-4
Data 
plus
Operacional 
amplifier
S/H Sample / hold 
circuits
1
2
3
4
 
Figure 2.4 Simplified scheme of the two-plane electrode-mesh device used by Prasser et al. 
(1998). 
 
2.1.3.2 Capacitance tomography 
Electrical capacitance tomography (ECT) is a non-invasive technique since the 
sensing electrodes are not in contact with the fluid under observation but are located 
around the pipe exterior. The imaging parameter, the permittivity, is the dielectric 
property of each of the phases in the two-phase system. An ECT image can be 
reconstructed based on the permittivity distribution obtained from the measurements 
of the electrical capacitance taken between all possible pairs of electrodes. ECT has 
been used by Baker (2003) for horizontal flow. 
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2.2 Flow pattern maps 
The following section will summarise the physical models that allow the analytical 
prediction of the flow patterns and the transition boundaries in steady state two-phase 
gas-liquid flow.  
 
2.2.1 Flow pattern maps in horizontal 
Many flow regime maps have been produced for two-phase flow in horizontal pipes. 
Baker (1954) gave a map based on flow in small diameter pipes using several fluids. 
The axes of the map involved the mass fluxes of the phase together with the fluid 
properties, including density and surface tension. Mandhane et al. (1974) studied two-
phase flow in small diameter and constructed a map based on superficial gas and 
liquid velocities. This type of map is now the most widely used.  Taitel and Dukler 
(1976) produced a theoretical, mechanistic flow regime map and this is widely used 
but with modifications to the calculation of the interfacial friction factor.  
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Figure 2.5 Horizontal flow pattern map of Mandhane et al. (1974) for horizontal tube 50 mm 
diameter air-water 25q C. 
 
 
2.2.2 Flow pattern maps in vertical 
For vertical flow the flow pattern map of Taitel et al. (1980) is the most popular one. 
But other flow patterns have been developed such as those of Bilicki and Kestin 
(1987), and Barnea et al. (1982) for vertical downward flow.  
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Figure 2.6 Vertical flow pattern map of Taitel et al. (1980) for vertical tube 50 mm diameter 
air-water 25q C. 
 
2.2.3 Flow pattern maps in inclined 
There are very few data sets or correlations available for flow pattern transition in 
inclined systems. Physical modelling of such systems is even scarcer.  Gould et al. 
(1974) published flow pattern maps for horizontal and vertical flow and for up-flow at 
45q inclinations. Mukherjee and Brill (1985) reported extensive data on inclined two-
phase flow. Spedding and Nguyen (1976) compared the flow regime maps developed 
by others with air-water experimental data for conditions from vertically downward 
flow to vertically upward flow.  
 
The work of Weisman and Kang (1981) is a major contribution in this area. Their 
basic principle is that the boundaries of flow patterns at high flow rates are usually 
unaffected by pipe deviation (e.g. the transitions to annular flow and dispersed bubbly 
flow). They claim this observation extends all the way from vertical to horizontal. 
Their simplified correlation for transition to annular flow, for all inclination angles, is 
given by 
¸¸¹
·¨¨©
§ 
U
U
SL
SG
SGSG
625.0
25)Ku)(Fr(                                                (2.1) 
 
Where both the Froude number,  )/(Fr 2 gdU SGSG   and the Kutadelaze number, KuSG, 
are based on gas superficial velocity, USG, 
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Their transition to dispersed bubbly flow for all angles of inclination is given by  
 
 
   > @ 7.92 5.05.0 t »¼º«¬ª VUUUU dgg dzdp GLGL L                              (2.3) 
 
Where (dp/dz)L, is the frictional pressure gradient of liquid flowing alone in the pipe. 
Predictions of Weisman-Kang correlation for the transition to dispersed bubbly flow 
are similar to those of Taitel et al. (1978) in vertical flow. Both correlations suggest a 
mixture velocity of about 3 m/s for air-water systems at standard conditions, for 
transition to dispersed bubbly flow. The Weisman-Kang correlation indicates 
independence of this transition to gas velocity; whereas Taitel et al. (1978) does not. 
 
The stratified-wavy and separated-intermittent transitions are given respectively by 
 
)( 1.12/1 25.0 SLSGG UUFr                                               (2.4) 
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Following the Barnea et al. (1980) approach for horizontal and slightly inclined 
systems, Weisman and Kang (1981) did not distinguish churn from slug flow but 
lumped these two flow patterns together as intermittent flow. Their approach 
transition between bubbly and intermittent flow uses Froude numbers, based on USG 
and Um, as the correlating parameters. Their transition expression is given by 
 > @  Tcos65012.0 256.12 .dgU mdgU SG                                       (2.6) 
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The last term, (1-0.65 cos T )2, accounts for the effect of inclination.  
 
Figure 2.7 presents the generalized flow pattern map of Weisman and Kang (1981). 
The basic map, with USL and USG, as the axes is for two-phase flow in a horizontal 
system with particular (standard) values of fluid properties and system dimensions. 
The parameters I1 and I2 are used to make the map general, not only for all fluids but 
also for inclination angles. The expressions for I1 and I2 as reported by Weisman and 
Kang (1981) are reproduced in Table 2.1. 
 
Table 2.1 Parameters for the Weisman and Kang flow pattern map. 
 
Flow orientation Transition to I1 I2 
 
 
 
 
Horizontal, 
vertical and 
inclined 
Annular flow 
 (USG/UG)0.23 
('U/'Us)0.11 
(V/VS)0.11 
(d/ds)0.415 
1.0 
Disperse flow 1.0 
 (UL/UsL)-0..33 
(d/ds)0.16 
(PsL/PL)0.09 
(V/Vs)0.24 
Horizontal flow Wavy-stratified  )( 17.0dd s )(
55.1PP GsG  
)( 55.1UU GsG )( 69.0UU '' GsG  
)( 69.0VV GsG  
1 
Horizontal and 
slightly inclined 
flow 
Separated-
intermittent 
1 )( 45.0dd s  
 
Vertical and 
inclined 
 
Bubbly-
Intermittent 
(d/ds)n 
(1-0.65cos T) 
 
n=0.26e-0.17 
1.0 
QsL/QssL 
S denotes standard conditions, ds=1.0 in, ȡsg=0.0013 kg/l, ȡsL=1 kg/l, Vs=70 dynes/cm, vssL=1 
ft/s 
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Figure 2.7 Generalized flow pattern map of Weisman and Kang (1981).  
 
 
Barnea et al. (1985) summarised the most remarkable models for predicting flow 
pattern transitions in inclined gas-liquid flows. They also suggested a logical path for 
systematic determination of flow patterns that covers the whole range of upward 
inclinations from horizontal to vertical. More recently other transition criteria have 
been developed as presented below with data and analysis from various authors. 
 
Transition from bubbly to slug flow  
Physical analysis for the transition from bubbly to slug flow, presented by Hasan and 
Kabir (1988) follows an approach as for vertical systems. For vertical systems, when 
the void fraction exceeds 0.25, transition from bubbly flow generally occurs. For an 
inclined pipe, the gas phase tends to flow along the upper wall. Thus, near the upper 
wall, the in-situ void fraction may exceed the value of 0.25, as a result collisions 
among the bubbles increase sharply, forming Taylor bubbles, and the transition to slug 
flow occurs at a cross sectional average void fraction lower than 0.25. 
 
Assuming that in an inclined pipe the actual cross sectional area available for the gas 
to flow is the projection of the area in a horizontal plane and A is the cross-sectional 
area, the area available for the gas flow through a pipe inclined at an angleT, to the 
horizontal is AsinT, and the actual superficial velocity of the gas phase is 
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By applying the equation for holdup in vertical systems to an inclined pipe, the local 
volume fraction, ĮG, near the upper wall is obtained 
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By rearranging and using ĮG= 0.25 at transition, 
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 »¼
º«¬
ª  f U
UUV
2
4/1
)(53.1
L
GLLgU                                          (2.10)  
 
The bubble rise velocity, Uf, determined by the balance of the buoyancy and drag 
forces, might be different for an inclined pipe from that in a vertical one. The 
buoyancy force decreases as the pipe is deviated from vertical, which tends to reduce 
the bubble rise velocity. However the deviation from vertical also makes the bubble 
nose sharper. A sharper bubble nose causes a decrease in the drag force on it. Thus the 
influence of pipe inclination on the terminal rise velocity of the bubble can be 
negligible. 
 
Barnea et al. (1985) also extended their analysis for transition in vertical systems, to 
inclined systems, by replacing the terminal rise velocity of the bubble with TsinUf .  
For example, they suggested that transition from bubbly flow occurs when USG is 
greater than 0.33USL+0.25sinT Uf. .They also pointed out that preferential migration 
of bubbles to the upper part of a deviated pipe leads to a limited inclination angle 
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beyond which bubbly flow can occur. By equating buoyancy to lift forces, they 
proposed that when the inclination (from horizontal) is less than that given by the 
expression (2.11) bubbly flow can not exist. 
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                                          (2.11) 
 
For the lift coefficient CL, Barnea et al. (1985) recommended a value of 0.8, while the 
distribution coefficient,J, varies between 1.1 and 1.5. For air-water flow through a 51 
mm internal diameter pipe at standard conditions, equation (2.11) suggests that the 
maximum tube inclination for bubbly flow is about 55q to 70q. 
 
In addition to deviation, pipe diameter also imposes a restriction on the occurrence of 
bubbly flow. The well diameter must be large enough to satisfy the condition that the 
Taylor-bubble rise velocity is greater than that of the small bubbles, i.e. UfT> Uf. For 
vertical flow, this condition results in a well diameter that must exceed the value given 
by equation 2.12. Barnea et al. (1985) suggested the same expression for deviated 
channels.  
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Transition to Churn Flow: The chaotic nature of churn flow pattern makes modelling 
the dynamics of this flow regime very difficult. Kaya et al. (2001) presented an 
analysis that appears promising and is well supported by data. They noted that the 
transition to churn flow occurs when the gas volume fraction, D exceeds 0.78. They 
also argued that the average Į in this flow regime may be approximated, following the 
drift flow approach, as given by 
 
T
D
Tm
SG
UUC
U
f
 
0
                                                  (2.13) 
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With the transition Į of 0.78 and C0=1.2 they arrived at the expression for USG, in 
which churn flow will occur, 
 
 UUU TSLSG Tf 2.119.12                                           (2.14) 
 
Transition to dispersed bubbly flow: Barnea et al. (1985) recommended the same 
criteria developed for vertical systems in inclined tubes. 
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Transition to annular flow: Following the approach of Taitel et al. (1980), Barnea et 
al. (1985) presented an analysis that results in the expression for transition to annular 
flow, which is written as: 
 
  24/1 /sin1.3 UUUVT GGLSG gU                                    (2.16) 
 
Equation (2.16) shows that the superficial gas velocity, needed for transition to 
annular flow, depends on the one-fourth power of the sine of the inclination angle. 
 
The work of Weisman and Kang (1981) shows that, with the exception of bubbly slug 
flow transition, the transition criteria established for vertical systems are apparently 
applicable to inclined systems. However the criterion proposed by Kaya et al. (2001) 
for transition to churn flow indicates slight dependence of this transition on well 
deviation. The work of Barnea et al. (1985) also shows that the transition to annular 
flow is mildly affected by the channel inclination angle. 
 
2.3 Liquid Holdup in inclined conduits 
The liquid holdup is a major parameter of interest in the study of co-current pipe flow 
of two-phase mixtures. Since the two phases do not generally flow at the same 
velocity, the in-situ volume fraction will almost invariably be different from that at the 
inlet of the pipe. Two methods widely used in the petroleum industry for the design of 
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two-phase pipelines are those of Baker (1957) and Flanigan (1958).  In Figure 2.8, the 
Baker and Flanigan correlations for HL are shown.  
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Figure 2.8 Baker (1957) and Flanigan (1958) correlations for HL 
 
The Baker line is defined by the relation 
 
70.061.1  UH SGL                                          (2.17) 
 
with USG in ft/s. The other line is based on a set of coordinates presented by Flanigan. 
For superficial gas velocities of less than 10 ft/s there is clearly a substantial 
difference in these two correlations.  
 
Guzhov et al. (1967) proposed that the in situ liquid volume fraction, EL, could be 
determined from knowledge of the input liquid volume fraction, CL and the Froude 
number based on the mixture velocity, Um. 
 
gd
UFr mm                                                         (2.18) 
 
Using data for a pipe angle of 9q to the horizontal, they obtained a series of straight 
lines all converging at CL=EL=1, Figure 2.9. All points for which Frm > 4 were found 
to lie on a single straight line. 
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On the basis of these results, they proposed the expression, 
 
))2.2exp(1(81.0 FrCE mGG                                   (2.19) 
 
Which they claim is applicable for pipe inclinations up to 9q from the horizontal. 
Equation (2.19) can be written in terms of the liquid volume fraction as 
 
))2.2exp(1()1(81.01 FrCE mLL                           (2.20) 
 
And for large values of Froude number reduces to 
 
LL CE 81.019.0 |                                                (2.21) 
 
It is evident from equation (2.20) that this correlation predicts that the smallest value 
of the in-situ liquid holdup expected for pipe inclinations of up to 9q is 0.19. 
 
Greskovich (1973) suggested a simplified procedure based on the fact that straight 
lines were obtained by Guzhov et al. (1967) for a given mixture Froude number on a 
plot of EL vs CL, Figure 2.9. Since at CL=1, all of these lines converge at EL=1, 
Greskovich (1973) suggested that only the intercept corresponding to CL=0 needed to 
be measured in order to establish the whole line for a given Froude number. He 
proposed that this could be achieved by flowing gas through an initially liquid filled 
pipe and measured the resulting liquid holdup when an apparent equilibrium has been 
obtained. Under this conditions there is no actual liquid flow and CL=0. However one 
can still view the Froude number based on the gas velocity as a mixture Froude 
number at that point. Hence the entire line for a mixture Froude number equal to the 
particular Froude number based on the gas velocity can be obtained by drawing the 
straight line through the measured EL at CL=0 and the point EL=CL=1. 
 
Greskovich also presents data for CL=0 for pipe inclinations of 2q, 6q and 10q. These 
data show a significant inclination effect on the measured holdup which varies from 
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0.13 to 0.22 for Frm=0.4 and 0.32 to 0.41 for Frm=2.0. It can be noted that this is in 
disagreement with Guzhov et al. claim that there is little angle effect on holdup. 
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Figure 2.9 In situ liquid volume fraction correlation of Guzhov et al. (1967) 
 
Gregory (1974) tested Guzhov correlation and showed that it was not reliable at low 
values of liquid holdup, whereas the commonly used correlations of Baker and 
Flanigan are subject to large errors. He recommended that the correlation of Guzhov 
should be used unless it predicts values less than 0.25. 
 
Mattar and Gregory (1974) studied air-oil slug flow in an upward inclined pipe at 
angles of inclinations varying from 0 to 10q; they obtained data for parameters such as 
liquid holdup and bubble rise velocity.  They proposed the following relation for 
liquid holdup. 
7.0)(3.11  SLSG
SG
L UU
UH
                          (2.22) 
 
Other works on liquid holdup includes Kokal and Stanislav (1989), who focus on 
slightly inclined pipes and used oil-air two-phase flow with a 25 m long acrylic pipe.  
More recent contributions include those of Grolman and Fortuin (1997) who provided 
liquid holdup and pressure drop data for inclined pipes of 26 and 51 mm diameter, at 
inclination angles between 0.1° and 6.0°. 
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2.4 Pressure drop in inclined pipes 
Pressure drop along a deviated pipe is associated with gravitational body force, 
acceleration forces and frictional shear stress. A momentum balance on a section of a 
two-phase flow (Figure 2.10) will produce a basic pressure gradient equation as 
shown below. The following equation shows the three major components of the 
pressure gradient.   
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Figure 2.10 Pressure gradient diagram 
 
The resulting two-phase flow integral momentum equation of (2.23) is shown below: 
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A p A A
GGLL dzdAUmUmdz
dgdzdAdzdpdzdA
dz
dP UW 0   (2.24) 
  
Mattar and Gregory (1974) proposed the following model for the pressure drop 
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Where  
GLLLmE H UUUU )1(                                        (2.26) 
 
and HL is calculated from equation (2.22) whereas 32.0(Re)
125.00014.0  f  
 
In inclined two-phase flow the most extensive study has been reported by Beggs and 
Brill (1973). While a number of other significant works have since then been 
performed, most notably by Mukherjee and Brill (1985), the Beggs and Brill method 
remains perhaps the best known. 
 
The Beggs and Brill (1973) correlation is based on data they gathered in 90 ft pipes 
ZLWK,'¶VRf 1 and 1.5 in. These pipes were inclined at various angles between 0 and 
90 degrees in both upward and downward directions. Their correlation for inclined 
pipes is based on its modification for horizontal systems. They divided the flow 
patterns observed in horizontal systems into four categories. The first is segregated 
flow, which include smooth and wavy stratified flow and annular flow. The 
intermittent flow pattern encompasses slug and plug flow. The transition flow regime 
includes regions between intermittent and stratified flow patterns, and the distributed 
flow pattern comprises bubbly and mist flow. 
 
Beggs and Brill (1973) based their horizontal flow pattern map on the input volume 
fraction (CL=USL/Um) and the mixture Froude number (Frm=Um2/gd). They defined the 
four transition parameters as  
 
CLCL LL 4684.22302.01 0009252.0,316    
CLCL LL
738.6
4
4516.1
3 5.0,1.0     
 
The flow patterns are determined by the four following conditions: 
 
Segregated LFrandCL 101.0   
or LFrandCL 201.0 !  
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Transition LFrLandCL 3201.0   
 
Intermittent LFrLandCL 134.001.0 !  
or   LFrLandCL 434.0 !  
 
Distributed LFrandCL 14.0 !  
or LFrandCL 44.0 !!  
 
The flow pattern map with the transition parameters, which are linear on log-log 
coordinates, is shown in Figure 2.11. 
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Figure 2.11 Beggs and Brill flow pattern map (1973) 
 
They proposed the correlation for liquid holdup, HL, for a horizontal system as 
 
  FrCaH cbLL /0                                                 (2.27) 
 
the following are the values of the parameters a, b, and c, which depend on specific 
flow patterns. 
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 a b c 
Segregated 0.980 0.4846 0.0868 
Intermittent 0.845 0.5351 0.0173 
Distributed 1.065 .5824 .0609 
 
When the flow regime falls in the transition zone, they suggested that HL be estimated 
from a linear interpolation of HL values calculated for the segregated and intermittent 
flow regimes. Thus, 
 
 
 
  HLL
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23
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23
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, 

                          (2.28) 
 
The frictional pressure gradient is calculated with the equation 
   dg ufdzdp c mnmF 22 U                                          (2.29) 
 
In equation (2.29), Un is the non-slip mixture density, CC ggLLn UUU  . The mixture 
friction factor, fm, is related to the no-slip, two-phase friction factor, fn, by 
 
eff snm                                                 (2.30) 
 
Where fn is the no-slip friction factor based on the no-slip Reynolds number, 
Ren=dUmUn/Pn, and Pn is the no-slip mixture viscosity, CC GGLLn PPP  . To calculate 
the exponent, s, needed to determine the two-phase friction factor, Beggs and Brill 
(1973) defined the parameter, y, in terms of CL, and holdup as  
 
 fCy LL
2/ D{                                                   (2.31) 
 
The exponent, s, is empirically related to the parameter y, when y>1.2, and is written 
as 
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For a value of y between 1.0 and 1.2, s is given by 
 
  2.112.12.2ln  yys                                     (2.33) 
 
Thus, frictional pressure gradient is dependent on the flow regime because y depends 
on fL(D), which, in turn, depends on the flow regime, as well as the inclination angle. 
 
For inclined multiphase systems, Beggs and Brill (1973) suggested the following 
calculation procedure. The flow regime that would exist if the system was horizontal 
is first determined using the criteria previously discussed. Holdup is then calculated 
with equation (2.27). Thereafter, it is multiplied by the correction factor, F(T), to 
estimate the holdup for the actual inclined system. In other words, 
 
    )(0 TT FHH LL                                               (2.34) 
 
   > @TTT 8.1sin8.1sin1)( 3 ZF                                  (2.35) 
 
  > @FrvCdCZ gfdLeLL ln1                                      (2.36) 
 
And                 4 VU gvv LsLLd                                          (2.37) 
 
Parameters d, e ,f and g depend on the flow pattern that was determined with an 
equivalent horizontal system. The following are the specific flow patterns with 
parameters values. 
 
 d e f g 
Segregated uphill 0.011 -3.768 3.539 -1.614 
Intermittent uphill 2.96 0.305 -0.4473 0.0978 
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Distributed uphill No correction,  F(T)=1.0 
All flow regimes downhill 4.70 -0.3692 0.1244 -0.5056 
 
Beggs and Brill (1973) did not suggest any specific method for calculating the 
accelerational component. Where it is significant, the accelerational gradient can be 
calculated with either the separated or homogeneous flow approach, and Um can be 
estimated with the Beggs and Brill method. The total pressure gradient is given by 
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A few other methods have been proposed for computing flow behaviour using a flow 
pattern approach. Based on data from pipes inclined at 5, 10 and 15 degrees from 
horizontal, Singh and Griffith (1970) suggested that holdup in inclined slug flow can 
be represented by  15.195.0/  UUH mSGL . In addition, comparison of this equation, 
with its counterpart in vertical systems, indicates that Singh and Griffith found the 
Taylor bubble rise velocity, in inclined pipes to be independent of not only pipe 
diameter but also of inclination angle. Beggs and Brill (1973) found holdup to be a 
strong function of pipe deviation.  
 
Most of these works, however, appear to agree that the liquid holdup for intermittent 
flow in a tube slightly deviated from vertical is usually higher than that calculated 
under conditions similar to vertical flow. Indeed, the data of Beggs and Brill (1973) 
suggest that liquid holdup becomes a maximum at an angle of +50 degrees from the 
horizontal. 
 
The Beggs and Brill (1973) correlation allows liquid holdup and pressure drop 
computation for all inclination angles, including in downward direction. Mukherjee 
and Brill (1985) also presented extensive data and a correlation for downward two-
phase flow. Both correlations are quite robust. However, they are less reliable at low 
liquid rates because of their parametric dependence on input liquid fraction. 
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There are very few mechanistic models for computing holdup and pressure drop in 
deviated systems. Hasan and Kabir (1988), Kaya et al. (2001) and Gomez et al. (2000) 
have proposed comprehensive models for deviated wells.  
 
The Hasan-Kabir model uses a flow pattern approach for vertical systems, with 
modifications for the system deviation from vertical orientation. Hasan and Kabir 
(1988) as well as Kaya et al. (2001) noted that for annular and dispersed bubbly flow, 
the flow rates are very high. Consequently, the influence of buoyancy is small and the 
effect of pipe inclination is negligible. Therefore, for these flow regimes, the 
relationships developed for vertical systems can be used without any modification. 
 
Bubbly flow:  For vertical systems, Hasan and Kabir (1988) postulated that the in-situ 
velocity, UG of the gas phase, is the sum of the terminal rise velocity, Uf, and the 
mixture velocity Um, multiplied by the flow parameter C0. Hence, 
UUCUU moSGG f  D .The analysis should also hold for deviated pipes. Holdup is 
given by,   
UUC
UH
m
SG
L
f { 011 D                                (2.39) 
 
Kaya et al. (2001) and Gomez et al. (2000) following approach of Ansari et al. (1994) 
for vertical systems, arrived at a slightly different expression. 
 
TD sin11 0 HUUC
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                     (2.40) 
Therefore the procedure for estimating holdup and pressure drop in deviated wells will 
be similar to that for vertical systems. One however, will need values for flow 
parameter C0, and the bubble rise velocity Uf, in an inclined system. 
 
Flow parameter and bubble rise velocity. For vertical systems, we are able to reason  
that the value of the flow parameter, C0, should be 1.2 because the flow is turbulent, 
and  the bubbles ride the central portion of the channel, where the mixture velocity is 
1.2 times the cross sectional average value. The bubble concentration profile is likely 
Chapter 2: Literature review 
 30 
to be affected by the pipe deviation. Intuitively then, one can expect C0, to be 
influenced by well deviation, which has led Gomez et al. (2000) to use C0=1.15. 
 
However, the effect of pipe inclination on C0, appears negligible. Hasan and Kabir 
(1988) and Kaya et al. (2001) proposed a value of 1.2 for C0 in equation 2.39 or 2.40. 
The bubble rise velocity may be assumed to remain unchanged with pipe inclination. 
Therefore, the same expression, with the identical values of parameters used in 
vertical pipes can be used to estimate holdup in deviated pipes. The only difference 
between bubbly flow in deviated tubes and that in vertical ones is the transition to slug 
flow. 
 
Once holdup is estimated, the total pressure gradient may be calculated by adding the 
frictional and accelerational components to the static head. The contribution of these 
components, which are very small, may be estimated with the method applicable to 
vertical systems. The static head for an inclined pipe of course is Um sin T.  Therefore, 
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Slug flow: Application of the simple drift-flux model, developed for bubbly flow, to 
slug flow is difficult. This difficulty stems from the difference in drift velocities 
between the small and the Taylor bubbles and the symmetric nature of the distribution 
and shape of the bubbles. One simple way to account for different drift velocities in 
slug flow is to use some type of an average rise velocity for all gas bubbles, large and 
small. Therefore for estimating in-situ liquid volume fraction during slug flow 
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As in vertical flow, the average rise velocity is expressed in terms of the Taylor 
bubble rise velocity, small bubble rise velocity, and bubbly-slug transition velocity as 
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 eUeUU UUUUT SGtSGt fff  1DT                           (2.43) 
 
where Ut is the superficial gas velocity for transition to intermittent flow. The flow 
parameter C0 might be affected by channel inclination. However, a constant value of 
1.2 makes the estimation procedure simple. Both Hasan and Kabir (1988) and Kaya et 
al. (2001) used this value for the flow parameter. 
 
Balancing the buoyancy force against drag force, experienced by a rising bubble leads 
to the expression for the rise velocity of a bubble of volume Vb and projected area Ap. 
 
  AUCgU PLTDGLb TTT UUUT 221sin f                        (2.44) 
 
In equation (2.44), CDT, is the drag coefficient for the bubble and UfTT is its rise 
velocity in a pipe, inclined to the horizontal by an angle, T. 
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                               (2.45) 
 
If the product of the drag coefficient and the projected area of the bubble were the 
same for vertical and inclined systems; that is if   1
90
 TT pDpD ACAC , then equation 
2.45, suggests that the bubble rise velocity will gradually decrease, as the deviation of 
the pipe increases. However, in inclined flow, the Taylor bubble has a sharper nose, 
compared to that in vertical systems, with a consequent lower drag coefficient. In 
addition, the projected area in a deviated pipe is also smaller. The net effect is that the 
ratio,   ACAC pDpD TT90  becomes greater that 1.0. Consequently, an increase in the 
terminal rise velocity, with pipe deviation occurs when the deviation is small, with a 
consequent increase in liquid holdup, compared to that in a vertical system. 
At large deviations from vertical, the buoyancy force begins to decrease, much faster 
than the drag force and the bubble rise velocity begins to decrease with further 
deviation from the vertical. The variation in the AC pD T  product with inclination angle 
may be approximated by    Tcos190  npD AC . 
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TTT cos1sin  ff nTT UU                                     (2.46) 
 
2.5 Slug flow 
The slug flow pattern is one of the most common flow patterns experienced during 
normal operating conditions of a two-phase pipeline. It is characterized by fast 
moving liquid slugs with high holdup values alternating with large gas pocket or film 
regions. The flow is very dynamic since the fast moving liquid slugs keep overriding 
slow moving liquid films in front of them. Thus a particle of liquid in the liquid film is 
continuously picked up by the front of the liquid slug, accelerated to a much faster 
velocity, then decelerated as it travels along the liquid slug body, and finally shed at 
the tail into the liquid film behind as the velocity approaches the film velocity once 
again. Hubbard (1965) and Dukler and Hubbard (1975) provided the first 
comprehensive slug flow model, which has served as a basis of slug flow modelling 
ever since. 
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Figure 2.12 Slug unit representation 
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Figure 2.12 shows a simplified physical model of slug flow. The model starts from the 
basic concept that a slug unit is composed of a slug body of length and liquid holdup 
LS and HS respectively, and a gas pocket and liquid film zone of length Lf with liquid 
holdup Hf respectively. At the front of the slug body, moving at the translational 
velocity Ut, there exist a mixing zone where liquid is scooped up from the film in 
front, and accelerated to the slug velocity, US. There are two velocity components 
associated with the film zone; Uf for the liquid film velocity, and UGP for the gas 
pocket velocity. The model assumes that the amount of liquid scooped is equal to the 
amount of liquid shed; therefore, the length of the slug stays constant as it travels 
along the tube. 
 
In order to develop the equations for the slug, the entire liquid film and the gas pocket 
in the film zone are used as the control volume, as shown in Figure 2.12. Continuity 
and momentum equations are derived for them relative to a coordinate system moving 
with the translational velocity Ut. 
 
With the fully dispersed flow assumption, the unit cell representation leads to the 
idealized situation in which the flow is periodic both in time and space. Even if the 
flow is unsteady in the frame defined by the coordinate Ox, there exist a particular 
frame Rȗ moving with the cell at the velocity Ut so that the flow appears steady, the 
velocity of phase-k averaged over the pipe, Uk, is thus transformed by the change of 
frame as Ut -Uk.  
 
2.5.1 Slug velocity 
Dukler and Hubbard (1975) performed a liquid mass balance between the slug front 
and a point in the slug body with the fully accelerated slug velocity, US, which yields; 
 
   UUHUUH ftfStS                                                     (2.47) 
 
 
Equation (2.47) can be arranged in another form; 
 
   SSt UCUCU 01 {                                                      (2.48) 
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Where, 
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It has been reported in the literature that C0 varies between 1.2 and 1.35. Kouba 
(1987) experimentally concluded that C0 can be as high as 1.8 for some flow 
conditions (low superficial liquid and gas velocities). More recently, Zheng et al. 
(1994) also reported an experimentally observed value of 1.20 for C0 for a wide range 
of slug flow conditions, even with inclination angles as high as Û,QPRVWFDVHVC0 
only varies between 1.2 and 1.25. It is usually assumed a value of 1.2 for C0, which 
would represent the maximum velocity for fully developed turbulent flow. 
 
In order to calculate the liquid slug velocity mass balances are performed for both 
phases between the inlet and any slug unit, and showed that; 
 
UUUU SGSLmS {                                                   (2.50) 
 
2.5.2 Drift velocity 
The first attempt to study the motion of elongated bubbles was made by Nicklin et al. 
(1962) for the vertical case; they proposed a correlation for the calculation of the 
translational velocity of an elongated bubble in continuous slug flow  
  
UUCU dmb  0                                                   (4.51) 
 
Where Ud is the drift velocity of the bubble in a stagnant liquid and Um is the mixture 
velocity defined as the sum of the liquid and gas superficial velocities, USL and USG. 
They based the value of the constant C0 upon the assumption that the propagation 
velocity of the bubbles follows the maximum local velocity, Umax, in front of the nose 
tip and thus 
 mUUC max0                                                   (4.52) 
 
The value of C0 therefore equals approximately 1.2 for fully developed turbulent flow 
and 2.0 for fully developed laminar flow. There is a strong indication that C0 increases 
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as the Reynolds number decreases and reaches a value of about 2. The exact value of 
C0 for turbulent flow and in particular for laminar flow is not conclusive. There is a 
spread of experimental data. For vertical flow; the accepted value for the drift velocity 
is given by 
gdU vd 35.0                                                            (2.53) 
 
For horizontal flow, Zuber and Findlay (1965) suggested that the drift velocity existed 
due to the difference in the hydrostatic head between the liquid in the slug and the 
liquid in the film, causing the liquid in the slug to drain into the film. They showed 
that similar to vertical flows, the relationship between the drift velocity and the 
translational velocity Ut is given by the linear form dictated by continuity. 
 
For horizontal flow, Benjamin (1968) derived an asymptotic solution for inertia 
dominated drift velocity; 
 
gdU hd 54.0                                                  (2.54) 
 
Equation (2.54) has been found to correlate bubble velocity data for horizontal flows 
in the elongated bubble and slug flow regimes (Nicholson et al. (1978); Dukler and 
Hubbard (1975); Mattar and Gregory (1974)). Some investigators found that Ud=0 
(Dukler and Hubbard (1975); Heywood and Richardson (1979); Gregory and Scott 
(1969)), while others did not. A few years ago it was widely believed that Ud should 
be equal to zero for horizontal flow. More recently however, it has been suggested that 
a non zero drift velocity may exist, Nicholson et al. (1978). 
 
Weber (1981) exposed the drift phenomenon for horizontal flow as well as a way to 
calculate the drift velocity. They considered the situation where a closed horizontal 
tube is initially filled with liquid and one end is opened, the liquid will drain out, 
being driven by the hydrostatic pressure difference between the top and the bottom of 
the tube, Figure 2.13.  
 
An extended vapour bubble will travel through the tube in opposite direction replacing 
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the liquid. The mechanism causing the draining of the liquid and hence the movement 
of the bubble, is identical to that causing the liquid in a horizontal surface to spread. 
 
 
 
Figure 2.13 Side view of the model bubble used by Weber (1981)  
 
Weber (1981) provided an expression for the bubble velocity, Ub, and showed that it 
reduces to zero for values of 12 ODE , where EOD is Eotvos number. This number in 
turn depends on the pipe diameter. 
 
      V
U 2gd
E LOD                                         (2.55) 
 
Zukoski (1966) studied the effect of surface tension, viscosity and tube inclination on 
the velocity of long bubbles. Based on his results as well as those from other 
researchers, he suggested that for Reynolds numbers greater than about 200, the 
propagation rates are substantially independent of viscous effects. 
 
Weber (1981) suggested the following correlation for low viscosity fluids; 
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Equation (2.56) actually suggests that the drift velocity becomes negligible for small 
pipes (< 5mm). 
 
Kouba (1987) IROORZLQJ %HQMDPLQ¶V GHYHORSPHQW SURSRVHG WKH IROORZLQJ HTXDWLRQ
for horizontal drift velocity, which accounted for gas entrainment in the liquid slug; 
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Where Tf is half the angle subtended by the liquid film height measured from the 
bottom of the pipe, as graphically shown in Figure 2.14. 
 
For simplicity, equation (2.53IURP%HQMDPLQ¶s work is employed for the horizontal 
drift velocity. 
 
  
Tf
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bubble
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Figure 2.14 Liquid film 
 
The drift velocity Ud depends on the inclination angle,T, measured from the 
horizontal, and has a maximum for 40<T<60ƕ (Zukoski (1966); Bendiksen (1984); 
Hasan and Kabir (1988); Weber et al. (1986); Van Hout et al. (2002)). 
For the more general upward inclined case, Bendiksen (1984) proposed as a practical 
suggestion, to use the following formula for the drift velocity. 
 
TT sincos UUU vdhdd                                           (2.58) 
 
Where U hd  and U vd correspond to the drift velocity for the horizontal and the vertical 
case respectively. Hasan and Kabir (1988) proposed the relation: 
 
)cos1(sin 2.1TT  UU vdd                                      (2.59) 
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2.5.3 Slug holdup 
The prediction of the liquid holdup in the slug body for two-phase gas-liquid slug 
flow is important for the accurate calculations of the pressure drop. Dukler and 
Hubbard (1975) showed that a void fraction in the slug depends on input gas liquid 
ratio. The effect of pipe has been investigated by Andreussi and Bendiksen (1989) and 
others. Fluid properties like surface tension and liquid density were included by 
Malnes (1983). A distinct dependency on pipe inclination was suggested by Andreussi 
et al. (1993). Brauner and Ullmann (2004) present a critical overview of the different 
approaches for modelling of the void fraction in slugs. 
 
A widely used correlation for estimation of gas fraction in slugs as a function of 
superficial mixture flow rate was presented by Gregory et al. (1978), 
 
  39.166.81
1
U
H
m
S                                         (2.60) 
 
Where Um is expressed in m/s. Gregory et al. (1978) cautioned that the use of this 
correlation should be limited to cases where Um is less than 10 m/s to reduce the 
possibility of entering the transitional zone between slug and annular flows, where the 
correlation would not be applicable.  
 
Malnes (1983) included fluid properties (surface tension and liquid density), and 
proposed the following correlation, 
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Marcano et al. (1996) performed experiments in a d = 77.9 mm, L = 420 m horizontal 
pipeline. The fluids were kerosene and air, and the operational pressure approximately 
5.5 bar. Based on void fraction measurements made by capacitance sensors, a 
correlation was proposed for void fraction in slugs,  
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UU= H mms 20011.00179.0001.1
1
                                      (2.62) 
 
 
Where Um is the mixture velocity in [ft/s].  
 
Gomez et al. (2000) used data from a number of other authors, with pressures from 
1.5 to 20 bar, pipe diameters from 51 to 203 mm, and pipe inclinations in the range of 
0±90ƕ. The data indicated a clear dependency between pipe angle, Reynolds number 
and slug void fraction. A correlation was suggested,  
 
))+ C.-(
s e=H Re450 T   TR ʌ                                     (2.63) 
 
where the pipe angle T is in [rad], the coefficient C=2.48x10-6, and the Reynolds 
number is defined as, 
P
U
L
mL
l
dU Re                                                        (2.64) 
 
The correlation predicted the data sets on which it was based within an error of 30%. 
 
2.5.4 Frequency 
The frequency, f, is in fact defined as the mean number of slugs per unit time as seen 
by a fixed observer; Hubbard (1965), Gregory and Scott (1969).  
 
A very much used correlation for slug frequency prediction was developed by 
Gregory and Scott (1969) based on data by Hubbard (1965). Nydal (1991) compared 
the correlation with experimental data and found a good fit within the original data 
range (USG <  10 m/s and USL <  1.3 m/s). 
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A correlation was suggested by Greskovich and Shrier (1972). This model is on the 
same form as the Gregory and Scott correlation, 
 
 »¼º«¬ª  gdUdUU.=f mmSLS 2 2.102.202260                                     (2.66) 
 
Heywood and Richardson (1979) proposed the following correlation, being almost 
identical to the one from Gregory and Scott, but based on a much larger amount of 
experimental data, 
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Tronconi (1990) presented a semi-mechanistic expression for the slug frequency, 
where the slug frequency was assumed to be half the frequency of unstable waves 
(slug precursors), 
 
h
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G
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S U
U13050                                               (2.68) 
 
Where UG=USG/(1-HL hG is the height of the gas phase at the inlet, immediately 
upstream the point of slug initiation. Cw is the wave velocity of the waves growing to 
become slugs. Tronconi postulated a linear relationship between the frequency of 
critical waves and the slug frequency, fw=CwfS, with Cw=2. 
 
This corresponds to observations in slug flow (by Dukler et al. (1985) and Kordyban 
(1985)), where every second slug originating from these waves was unstable and 
disappeared. The Tronconi correlation does not directly take into consideration any 
change in slug frequency with changing liquid flow rate, but indirectly through the 
calculations of gas flow rate and height.  
 
Nydal (1991) argued that, at high liquid flow rates, the slug frequency should depend 
weakly on USG, but strongly on USL, and suggested a correlation based on the liquid 
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flow rate alone,  
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Jepson and Taylor (1993) published data from the 306 mm pipe diameter rig of the 
Harwell laboratory, and the effect of diameter was investigated by including 25.  and 
51.2 mm pipe data from Nicholson et al. (1978). A non-dimensional slug frequency 
was correlated against the superficial mixture velocity, 
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Manolis et al. (1995) developed a new correlation based on Gregory and Scott (1969). 
Taking Um,min=5 m/s and the modified Froude number 
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Where 
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Zabaras (1999) suggested a modification to the Gregory and Scott correlation, where 
the influence of pipe inclination angle was included, equation (2.73). The data on 
which the modified correlation was tuned included positive pipe angles in the range of 
0 to 11q relative to the horizontal.  
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2.5.5 Mean Slug length 
Slug length data have been reported by several authors including: Hubbard (1965), 
Gregory and Scott (1969), Vermeulen and Ryan (1971), Greskovich and Shrier 
(1972), Heywood and Richardson (1979). 
 
The mean length of liquid slugs have been experimentally observed to be about 12-40 
pipe diameters in horizontal flow, Hubbard (1965).  
 
Other authors have assumed that the liquid slugs have a fixed dimensionless length of 
30d, Nicholson et al. (1978), and the method is expected to work only at high enough 
gas rate. 
 
Scott et al. (1986) and Scott et al. (1987) presented an improved correlation to predict 
slug lengths as a function of pipe diameter for large diameter pipes. This correlation is 
given by; 
Ln (LS) = -26.6 +28.5[ln(d)+3.67]0.1                              (2.74) 
 
Scott et al. (1987) showed that equation (2.74) also yields valid results for pipe 
diameters as small as 40-50 mm. However, the correlation rapidly approaches a very 
low and unrealistic slug length value as the diameter decreases further. It is therefore 
suggested to use either equation (2.74) or the rule of thumb, LS = 32d, whichever is 
larger, to calculate the average horizontal slug length for each specific pipeline 
system. 
 
For small diameter horizontal pipes, Barnea and Taitel (1993) showed that the average 
slug length was 1.5 times the minimum stable slug length, whereas the maximum slug 
length was 3 times the minimum stable slug length. Dukler et al. (1985) modelled 
minimum stable slug lengths of about 20d, and the model was compared with 
experimental data and concluding that the actual expected slug lengths would be in the 
order of 1±2 times the minimum length.  
 
In developed slug flow for horizontal and slightly inclined pipes, stable slug lengths of 
15±40 pipe diameters have been reported by a series of investigators (Dukler and 
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Hubbard (1975), Taitel and Dukler (1977), Dukler et al. (1985), Nydal (1991), Barnea 
and Taitel (1993)). All these studies concluded with slug length being fairly 
insensitive to gas and liquid flow rate, and depends mainly on the pipe diameter.  
 
In order to obtain the average film or gas pocket length, Lf, one can perform the liquid 
mass balance over a slug unit to yield; 
 
LLL fSU                                          (2.75) 
 
If equilibrium stratified conditions are assumed for the development of the film region 
behavior. Thus mass balances on the liquid and gas phases can be performed between 
the film region and a point within the slug body. These give, respectively; 
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Dukler and Hubbard (1975) were the first investigators to describe equilibrium film 
behaviour by performing a momentum balance, which includes only the liquid wall 
shear stress and the gravity force. For horizontal flow, this would result in a zero 
equilibrium film velocity. TKH LQWHUIDFLDO VKHDU VWUHVV Ĳi, is another term, which 
contributes to the overall momentum balance, and thus should also be included in the 
overall momentum balance. Scott et al. (1987) pointed out that E\ LQFOXGLQJ Ĳi, the 
transfer of momentum between the liquid phase and the gas phase in the film region 
has been introduced into the momentum balance calculation.  
 
Liquid film velocity, Uf and Liquid film holdup, Hf are related in the following 
manner: 
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,QWKHILOPUHJLRQWKHZDOOVKHDUVWUHVVĲw, due to liquid flow is estimated by assuming 
pseudo parallel flow 
Vg
f
f
Lf
w
2
2
UW                                                        (2.79) 
The wetted perimeter, Pw,  
2
d
Pw
T                                                         (2.80) 
 
The length of the slug can be calculated from a material balance on the liquid. The 
rate of liquid flow into the pipe is WL. Considering a plane normal to the flow at some 
position downstream where fully developed slug flow exists and calculating the mass 
of liquid crossing the plane in:  
 
(a) The time it takes for the slug to pass, Ts, and  
(b) The time it takes for the film to pass, Tf.  
The sum of these two quantities is then divided by the time of passage of one slug 
unit, 1/f. 
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 from equation (2.79) 
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Solving for LS and rearranging gives 
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Length of the film region or long bubble is  
 
  LfVLLL ss
t
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As can be seen, this model requires as input data values of the frequency, fs, and slug 
holdup, Hs.   
  
2.6 Computational Fluid Dynamics (CFD) 
Although the Navier-Stokes equations meant a considerable theoretical advance in the 
19th century, the analytic-mathematical solution of the full equations proved one 
bridge too far. The invention of the digital computer led to many changes. John von 
Neumann predicted already in 1946 WKDW µDXWRPDWLF FRPSXWLQJ PDFKLQHV¶ ZRXOG
replace the analytic solution of simplified flow equations by a µQXPHULFDO¶VROXWLRQRI
the full nonlinear flow equations IRUDUELWUDU\JHRPHWULHV9RQ1HXPDQQ¶VSUHGLFWLRQ
did not fully come true, in the sense that both analytic-theoretical and experimental 
research still coexist with CFD. A new branch of research emerged, however: crucial 
properties of CFD methods such as consistency, stability and convergence needed 
mathematical study. At present much fundamental research is still to be done to 
LQFUHDVH&)'¶VDFFXUDF\HIILFLHQF\DQGUREXVWQHVV 
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Most numerical algorLWKPV ZHUH GHYHORSHG LQ WKH HDUO\ ¶V 6LQFH WKHQ QHZ
techniques have been added and new models have been developed to enhance the 
capability of CFD codes and packages to simulate more accurately real problems. It 
was in the early 1980s that commercial CFD codes came into the open market place in 
a big way. The use of commercial CFD software started to become accepted by major 
companies around the world rather than their continuing to develop in-house CFD 
codes. General purpose commercial codes, (Fluent, CFX, etc.) are available, as well as 
a series of more problem orientated models for simulating two-phase flows.  
 
Modern CFD can handle flow around geometry of great complexity in which all 
details of flow significance have been faithfully represented. Fluid flow associated 
with other phenomena, such as chemical reactions, turbulence, multiphase, or free 
surface problems and radioactive heat transfer can all be simulated by the commercial 
CFD packages now available, with a suite of built-in models describing these 
processes. 
 
CFD is often used to understand fundamental processes involving bubble dynamics. In 
the study of bubble dynamics, the understanding of the behaviour of a bubble rising 
through a liquid is an important problem. Lun et al. (1996) performed modelling of 
two-phase flow using a commercially available CFD package. They highlight the 
importance of adequate grid density. The motion, the shape and the size of the bubbles 
as well as the motion of the liquid are dynamically modelled, employing the Volume 
of Fluid (VOF) technique.  Later Cook and Behnia (2001) presented a numerical 
investigation of the drift of bubbles in stagnant liquid using Volume of fluid (VOF), 
they showed that this technique is able to predict interface of bubbles, rising in a 
quiescent liquid, remarkably well. They compared the bubble interface shape against 
data obtained with the use of a parallel wire conductance probe. More recently Frank 
(2005) performed numerical simulations of slug flow in horizontal pipe using the 
Multi-fluid model. 
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Chapter 3 
 
 
 Experimental Arrangement 
 
 
 
 
 
 
As it is known, for two-phase flow problems, experimental data of the laboratory 
provide the main source of information about specific flows. In this work, two-phase 
flow experiments were carried out on an inclinable rig in the Chemical Engineering 
laboratory of the School of Chemical, Environmental and Mining Engineering 
(SChEME). Having introduced the overall objectives of this study in Chapter 1 and 
the literature review in Chapter 2, this chapter presents an outline of the experimental 
arrangements and equipment used to investigate the two-phase flow behavior in 
inclined pipes. It describes in detail the methodology and procedures undertaken to 
acquire the experimental data. An overview of the experimental facility is given in 
Section 3.1, followed by Section 3.2 that gives further information on important 
facility components such as details of the data acquisition software and 
instrumentation. Section 3.3 describes the experimental methodology and Section 3.4 
summarizes the experimental uncertainty of the measurements. 
 
 
3.1 Overview of the flow facility 
Figure 3.1 presents a schematic diagram of the experimental facility used which had 
been employed earlier for annular flow studies by Azzopardi et al. (1997), Geraci et 
al. ( 2007a) and Geraci et al. ( 2007b). Figure 3.2 is the actual picture of the rig. The 
experimental facility consists of an inclinable 6 m long rigid steel frame. The test pipe 
is mounted on this frame and could be rotated between vertical to horizontal in 5q 
increments meaning the effect of different inclinations could be monitored.  
Chapter3:  Experimental arrangement 
 48 
Two pipe diameters were studied, namely 38 mm and 67mm. This rig used an 
air/water mixture. The experiments were performed at room temperature (20q C). The 
properties of the two fluids used in the experiments are as shown in Table 3.1. Water 
feed is pumped into the facility from the water tank, situated just below the rig, by a 
centrifugal pump. A recycle loop was installed to allow part of the liquid to be 
returned to the main water storage tank.  This arrangement aided flow stability and 
allowed better control of the liquid feed flow rate than could be otherwise achieved by 
means of simple feed systems. 
 
Air
rotameters
Test section
Mixing
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V2
Data
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system
SISTEMA DE
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Gas-liquid
 flow
Water
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Water
tank
Water
Pump
Mixture
Air
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Figure 3.1 Experimental arrangement 
 
Table 3.1 Properties of the Fluids 
 
Fluid Permittivity 
Fm
-1
 
Density 
(kg/m3) 
Viscosity 
(kg/ms) 
Surface tension 
(N/m) 
Air 8.9x10
-12
 
1.224 0.000018  
0.072 Water 7.1x10
-10
 
1000 0.001 
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Figure 3.2 Inclinable rig 
 
Air from the laboratory 6 bara compressed air main was used as the gas phase. It is fed 
into the facility through a 0.022 m internal diameter stainless steel pipe. A pressure 
regulating valve sets the maximum air inlet pressure and a pressure relief valve, set at 
100% of the required feed pressure protects the facility against overpressure. Both the 
airflow rate and gage pressure are measured prior to entering the mixing section using 
a set of rotameters that covered a wide range of flow rates as well a pressure gage 
meter respectively. Inlet volumetric flow rates of water are determined prior to 
entering the mixing section with a set of rotameters that cover the range from 0-0.73 
m/s of superficial velocities. The two separate phases are then mixed at the gas liquid 
mixing section. From the mixing section, the two-phase mixture flows along the 
inclined pipe before reaching the test section where the capacitance sensors are 
located. The pipe outlet is connected to the separator tank open to the atmosphere. 
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Two capacitance sensors separated by a distance of 0.45 m and placed directly on the 
outside wall of the pipe, provided a pair of time series of liquid holdup. The first 
capacitance probe was located at 5 m from the inlet; this gives a flow development 
length of approximately 150 pipe diameters to the first capacitance sensor and a total 
of approximately 170 pipe diameters to the second sensor. 
 
 
Table 3.2 Location of instrumentation on the test section of the rig 
 
 DP cell tapping 1 Cap 1 Cap 2 DP cell tapping 2 
Location from 
the mixing 
section (m) 
4.75 4.90 5.35 5.50 
 
 
 
Capacitance probes were developed looking forward to use nonconductive liquids in a 
later stage of the research programme. To measure the pressure drop a differential 
pressure transducer (0-70 kPa ABB Deltapi K series DP cell) was installed and 
connected to pressure tappings in the pipe separated 0.765 m. The signals were 
recorded through a computer using Labview 7 software (National Instruments), and 
were taken at a sampling frequency of 200 Hz over 180 seconds for each run.  
 
It is worth mentioning that in order to get the best results; a calculation of the distance 
between the two capacitance probes was performed based on the flow conditions 
under operation. In addition, for the 67 mm diameter pipe, a previous calculation was 
done to make sure the frame of the rig had the capabilities to support the weight. 
 
3.2 Flow facility components 
 
3.2.1 Gas-liquid mixing section 
The mixing of the gas and liquid phases must be done in such a way as to try and 
minimize the flow instability, thus providing maximum time for the two-phase flow to 
develop. This was achieved by using a purpose built mixing unit.  
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The mixing unit itself is made from Polyvinyl chloride (PVC) pipe as shown in Figure 
3.3. The water is introduced from one side of the mixer. Air is fed from the rear of the 
mixing section directly into the two-phase stream through a porous wall section, thus 
creating a more even circumferential mixing effect.  
 
 
 
Figure 3.3 Gas-liquid mixing section 
 
3.2.2 Gas-liquid separation tank 
At this phase separation tank, the gas and liquid are gravity separated. The two-phase 
mixture is fed into the top of the tank through a flow distributor system, to prevent 
jetting. The air stream exits the top of the tank and the return of the water to the water 
reservoir tank is achieved by gravity. 
 
 
3.2.3 Flow measurement section 
The sections of flow measurement for both air and water are similar. The flow meter 
element was a rotameter of the type (Variable Area Meters). The two air rotameters 
together cover the range 10-1000 l/min. A picture of the flow measurement section is 
presented in Figure 3.4. 
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Figure 3.4 Flow rotameters 
 
3.2.4 Data acquisition  
Data acquisition involves gathering information using a combination of PC-based 
measurement hardware and software to provide a flexible, user-defined measurement 
system. Software transforms the PC and the DAQ hardware into a complete data 
acquisition, analysis, and presentation tool. Driver software is the layer of software 
that allows easy communication to the hardware. 
 
9ROWDJHVZHUHUHFRUGHGWKURXJKDFRPSXWHUXVLQJ³LABVIEW 7´VRIWZDUHRI1DWLRQDO
Instruments. Because LabVIEW has the flexibility of a programming language 
combined with built-in tools designed specifically for test, measurement, and control, 
an application was created and data were taken every 0.005 seconds over 180 seconds 
for each run. 
 
A schematic diagram of the arrangement used for the data collection is shown in 
Figure 3.5. The signal from the 2 probes and DP cell could be obtained simultaneously 
and, after filtering by the unit, this was fed to a PC equipped with a multi-channel 
DAQ card.  The signal was driven to this DAQ card by a terminal block.  Before 
calibration, the gains were adjusted to obtain optimal operation in the expected range 
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of heights of the liquid.  Data acquisition was carried on using a block diagram 
assembled in LABVIEW.   
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Sketch of the arrangement for data collection 
 
 
 
 
Figure 3.6 Block diagram of the Laview program for data acquisition 
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3.2.5 Pressure sensors 
In order to measure the pressure drop, a differential pressure transducer (DP cell) was 
installed after a careful selection. In selecting the DP cell, both the range and 
sensitivity were taken into account. A capacitor was added in parallel with the DP cell 
in order to improve the sensitivity of the DP cell. Having selected the DP cell to be 
used, it was calibrated by using the arrangement shown in the Figure 3.7. This 
calibration from the sensor to the computer file gives the relationship between the 
output voltage of the DP cell and the differential pressure. The calibration curve is 
fairly linear as given in the specifications and demonstrated in Figure 3.8. The 
associated equations were programmed then into the data acquisition software. 
 
 
Figure 3.7 Arrangements for DP cell calibration 
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Figure 3.8 DP cell calibration 
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A purging system (shown schematically in Figure 3.9) was used in order to have a 
continuous liquid line from the pressure tapings to the DP cell. The purge was 
operated before every run by opening and closing the valve from the liquid line. 
 
 
 
 
Figure 3.9 DP cell purging arrangement 
 
3.2.6 High speed video system 
A high-speed video camera was used in order to visualise the flow patterns. The 
KODAK HS 4540 camera has a maximum resolution of 256 x 256 pixels, and an upper 
frame recording speed of 45000 frames per second (fps). A schematic diagram of the 
experimental setup and the camera configuration is shown in Figure 4.10. The images 
were carried out at a location of about L/d=150, where L is the length of the pipe from 
the pipe inlet to the measurement zone and d is the pipe inner diameter. The test 
section was enclosed in a cubic Plexiglas box filled with water. This was done to 
reduce the pipe optical curvature. The camera was run at 256x256 pixels using a 
recording rate that ranged from 125 to 750 frames/s depending on the flow conditions. 
Various third-party lenses were used. This technique allowed capturing the image 
sequence of the flow. 
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Figure 3.10 High speed video camera KODAK HS 4540  
 
 
3.2.7 Capacitance probes for Liquid holdup measurement 
 
3.2.7.1 General considerations  
In order to be able to determine the liquid holdup, it was necessary to use a special 
liquid holdup measurement unit that fits the characteristics of this experimental work; 
the main factors to take into account are the fluid and the flow pattern. The fluids are 
air-water and the flow pattern is slug flow, however, we look forward to use 
nonconductive liquids in a later stage.  
 
Capacitance sensors require the use of capacitance plates or rings to measure the 
dielectric constant of the two-phase mixture. This approach would prohibit the use of 
pipe or fluid that will conduct electricity. Thus in principle, capacitance sensors can 
not incorporate steel pipe and water as the liquid phase. For this reason, they are 
unsuitable for use in field operation. However they can be used in laboratory 
multiphase flow experiments where PVC, acrylic, or glass pipe is also used, and 
where the liquid phase can be a hydrocarbon mixture, such as kerosene. In the present 
work acrylic pipe has been used. Therefore a capacitance sensor for liquid holdup 
measurements was used. It consists of such a typical arrangement by construction of 
etched copper plates that produce a capacitor with change in the dielectric permittivity 
being sensed; in this case the dielectric material consists of the acrylic wall pipe and 
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air-water mixture. There was a need for further processing to be performed on the 
output to gather a realistic value as explained below. A review of capacitance-sensor 
techniques has been carried out by Huang et al. (1988).   
 
3.2.7.2 Principle of operation 
A capacitor consists of two conductors (plates) that are electrically isolated from one 
another by a nonconductor (dielectric). When the two conductors are at different 
potentials (voltages), the system is capable of storing an electric charge. The storage 
capability of a capacitor is measured in farads (F). It is known that the capacitance of 
a parallel-plate capacitor varies linearly with the dielectric constant of the medium 
between the plates, this relationship is described by: 
 
KC D                                                     (3.1)  
 
Where 
C= Capacitance of the capacitor in appropriate units 
D= Constant of proportionality determined by the geometry of the device 
K= Dielectric constant for the medium between the plates 
 
 
Figure 3.11 Capacitor 
 
If we have a compound medium formed say by sandwiching layers of different 
materials together, the effective dielectric constant is known to be the linearly 
weighted average of the dielectric constants of the pure components. Thus for the case 
of a two-phase mixture occupying the space between the plates such that the entire 
cross section of the space occupied by the two-SKDVHPL[WXUHLV³VHHQ´E\WKHSODWHV
we can write 
Chapter3:  Experimental arrangement 
 58 
KKK GLLLtp )1( DD                                           (3.2) 
 
where 
Ktp= Effective dielectric constant of the two-phase mixture 
KL, KG = Dielectric constant of the pure liquid and pure gas respectively. 
D L = in-situ volume fraction of the liquid phase 
 
This relationship may be rearrange to give 
 
        GLGLtp KKKK  D)(                                 (3.3) 
 
   21 EDE  L                                               (3.4) 
 
Where 
)(1 KK GL E  
 
KG E 2  
 
Then 
tpcKC   
 
21 EDE cc L   
 
i.e. the capacitance is a linear function of the in-situ volume fraction 
 
3.2.7.3 Electrode System 
The first to attempt to use capacitance sensors was made by Gregory and Mattar 
(1973). They evaluated several designs and concluded that the use of two helical 
capacitance plates, 180 q out of phase, worked best. They also recommended specific 
dimensions and angles for the electrodes, depending on the pipe diameter. However 
Kouba (1986), Kouba (1987) and Kouba et al. (1990) developed a different design in 
which the electrodes were three equally spaced rings. The centre ring was the positive 
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electrode, and the outer rings were ground-referenced. They showed that 
measurements with this design were as accurate as those with the helical sensors, and 
that the overall length of the sensor was much shorter, especially for larger diameter 
pipe. Later Butler et al. (1995) developed a ratio-arm bridge capacitance transducer. 
 
In the present work, the two electrodes of the capacitor are mounted on the outer side 
of pipe walls. The variations in the percentage of phases in two-phase flow cause 
changes of the equivalent permittivity of the dielectric between the electrodes.  
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Figure 3.12 Electrode configuration of the capacitor sensor 
 
 
The instantaneous liquid holdup measurement is averaged over pipe section occupied 
by the sensor. Also since the measurement sensitivity of a capacitance sensor is 
proportional to the electrode area. Sensitivity can be increased by increasing the probe 
length or by decreasing the size of the gap between the electrodes. However, as the 
electrode size decreases, the signal to noise ratio (SNR) of the system decreases. Thus 
the noise level of the data acquisition system limits the electrode size. 
 
In order to optimise the sensor performance a number of parameters should be 
carefully selected. The most important parameters are the wall thickness of the 
insulating pipe and the dimensions of the electrodes. In this case, the dimension of the 
electrodes was the parameter to modify since it is more practical to specify a longer or 
shorter probe than to decrease the distance from the pipe wall (thickness). The length 
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chosen is based on the flow pattern in order to get a signal as big as possible without 
losing details of the flow pattern. 
 
Several electrodes sizes were tried (including without guard electrodes) and the final 
electrode configuration of the primary sensor is shown in Figure 3.12. Two sensing 
electrodes are mounted flush to form a capacitor. The electrode length along the flow 
direction is 60 mm. The two pairs of electrodes in both sides of the sensing electrodes 
work as guard electrodes, they keep the electric field between the plates uniform 
(Figure 3.13) so that the phase distribution does not affect the capacitance.  
 
 
Figure 3.13 Guard electrodes 
 
3.2.7.4 Electronics and Housings  
The system used in the probe consists of a number of electronic circuits which serve 
to energise and then sense and record electrical currents in electrodes embedded in the 
wall of the pipe. This is performed in four main stages: 1) rectifying and filtering the 
incoming power, 2) generating the radio frequency signal, 3) measuring the changes in 
the frequency, and 4) recording the signal.  
 
In general the electronics necessary to process the capacitance sensor signal poses 
difficulties. The difference in capacitance between a pipe full of air vs. one full of 
water is relatively small. As a result, such things as changes in humidity can cause 
significant measurement errors.  
 
A practical capacitance sensor always needs an earthed screen to shield the electrode 
plates from external electrical fields, Figure 3.14 (a). This results in a three-terminal 
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sensor consisting of the electrode capacitance Cx, and the stray capacitances between 
the electrodes (including the leads to the measuring circuit) and the shielding screen, 
CS1 and CS2. The values of CS1 and CS2 usually range from a few tens to several 
hundred pF. Other strays may arise from the parasitic capacitances Cp1 and Cp2 of the 
capacitance measuring electronics connected to the sensor. The value of these strays 
usually ranges from a fraction to a few tens of pF. The equivalent circuit of a practical 
capacitance sensor taking all the strays into account is shown in Figure 3.14 (b).  
Screen
B Cs2
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ElectrodesCs1A
Cp2
Cs1 Cs1
Cp1
Measuring            
circuit
B
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A
 
                             (a)                                                              (b) 
Figure 3.14 Capacitor sensors. (a) Sensor structure. (b) Equivalent circuit. 
 
 
Figure 3.15 shows the capacitance probe. We can also see the shield that was used in 
order to isolate the probe from external electromagnetic fields that can affect the 
measurements.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15 Capacitance probe. The overall screen is used to protect the sensor from the 
interferences of external electromagnetic fields. 
 
The capacitance measuring circuit is based on the RC (resistive-capacitive) oscillation 
method, in which an RC oscillator converts dc power to ac power at a predetermined 
frequency ranging from several hundred kHz to a few hundred MHz. The oscillation 
Shield 
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frequency of the RC oscillator depends on the unknown capacitance Cx. The 
frequency is measured by using a frequency-to-voltage converter (FVC) to obtain an 
analogue output, and then used to determine the unknown capacitance. Figure 3.16 
shows the diagram of the RC oscillator based transducer used. It can be seen that the 
two main components are the oscillator and the (FVC). 
 
 
L Cx OscillatorCs
fc +'f
FVC
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Figure 3.16 The diagram of the RC oscillator based transducer 
 
 
The change in the oscillation frequency can be expressed as  
 
C
CC
ff x
Sx
' ' )(2
0
                                                          (3.5) 
 
Where Cs is the overall energy stray capacitance in parallel with Cx. and f0 is the 
standing oscillation frequency.  
  
A phase-locked loops (PLLs) type FVC was used. A FVC is a circuit which responds 
to the frequency of its input and delivers an output voltage which is linearly 
proportional to that input frequency. Figure 3.17 shows the frequency-voltage 
conversion section of the circuit of the void fraction detection unit. The circuitry is 
provided with potentiometer adjustments for setting sensitivity and time delays.  
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Figure 3.17 Frequency-voltage conversion section of the RC oscillator transducer 
 
 
 
 
Figure 3.18 RC Oscillator on the pipe. 
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Figure 3.19 Layout of the electronic circuit of the capacitance probe 
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Board layout of the signal conditioning unit 
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Figure 3.20 Components of the electronic circuit of the capacitance probe 
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3.2.7.5 Construction of the capacitance probe 
The capacitance sensor was built using Printed Circuit Board (PCB) technology. In 
order to manufacture the plates the following points are performed: 
 
1) Art work produced via software programme such as power point or AutoCAD. 
 
2) Photocopy from black & white print to overhead print transparency film. At 
least 4 films needed. 
 
3) The 4 film prints are bound together using double-sided tape. Locate on UV 
machine glass plate using clear single sided tape. Position as near centre as 
possible for UV influence to be as equal as possible over whole area of foil. 
 
4) This section to be subdued lighting as the foil laminate has a photosensitive 
etch resistant layer along with a 35 P copper layer and finally a 50 P polyester 
base layer. With the mask from 3) above introduce, a piece of photo resistive 
foil cut to size and place with photosensitive film facing down over mask and 
use location card as necessary to set foil in relation to mask. 
 
5) Close lid of UV and set timer to ensure reaction to photo resistive film (3min). 
 
6) Ensure tank of developer is on and up to temperature. Then introduce foil into 
tank net holder. When after a short while an examination of foil shows the 
stripping of photo resistance material that was affected by the UV light source 
to unveil the copper cladding. When the copper cladding gives a clear outline 
of the inverse of the mask then take out of the tank. 
 
7) Wash in tray of clean water. 
 
8) With etching tank up to temperature place foil in net holder. Keep examining 
the foil for the removal of all exposed copper. When complete, remove from 
tank. 
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9) Wash in another tray of clean water. 
 
10) Dry off foil on glass plate. Then swill with methanol and using tissue wipe off 
surplus photo-resistive material. 
 
11) Wash with clean water and dry off. 
 
Chemical info. Caustic Soda NaOH 0.3 % to 5 l tank developer temp 20-25 qC 
                         Ferric Chloride FeCl3 2kg to 5 l tank and Etching temp 45-50 qC. 
 
3.2.7.6 Calibration  
A good calibration is required in order to get good results. Due to the fact that 
separated flow (slug, stratified, wavy) is expected, the calibration was performed with 
stratified flow in a horizontal pipe. Phase distribution or flow pattern effect was coped 
by making sure the electrodes covered the circumference around the pipe as much as 
possible. The electrode configuration is with the electrodes on the west and east sides 
of the cross sectional area of the pipe as shown in Figure 3.21. 
 
Electrodes
 
 
Figure 3.21 Electrodes configuration on the pipe 
 
The corresponding calibration curve for such an arrangement is illustrated in Figure 
3.22.  
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Dynamic tests were performed with the probes mounted on the inclinable rig with air 
flow in still water. For these test average values of both real and measured liquid 
holdup were compared, Figure 3.23. The real liquid holdup is known from the 
difference in the height of the liquid level in the pipe with and without air flow, taking 
advantage of the transparent section of the pipe. This demonstrated that this 
calibration could be applied for all inclinations. In this way the capabilities of the 
probe are extended.  A typical set of signals obtained is shown in Figure 3.24. 
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Figure 3.22 Calibration curve of the capacitance probe, liquid holdup, HL  vs. dimensionless 
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Figure 3.23 Comparison of measured and actual liquid holdup using air flow in still water 
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Figure 3.24 Typical set of signals obtained with the data acquisition, horizontal flow.  
 
 
3.2.7.7 Effect of temperature:  
In order to observe how the temperature variations could affect the calibration of the 
void fraction meter, a temperature control system was constructed and utilised, Figure 
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3.25. This control system consists of basically a chamber enclosing an environment 
where the temperature is kept constant by the action of an auto tune-temperature 
controller, CAL 2300, which reads the temperature from a thermocouple and 
depending on the value of this signal with respect to a set point, takes an action that 
can be either: to switch on and off a fan or a bulb. Then a relationship is obtained 
between the signal in the oscilloscope (voltage) and the void fraction for a fixed 
temperature. Later in some way the signal can be adjusted by subtracting a value due 
to increase by temperature.   
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Figure 3.25 Effect of the temperature on the capacitance probe 
 
 
The response of the capacitance probe to the changes in the fluid temperature can be 
observed in Figure 3.26. Even though the fluid temperature increases during the 
running of the experiments, only adjustments are performed on the voltage for the 
pipe empty and full of water respectively, without measuring the temperature. 
 
The capacitance sensor used gives a volume averaged liquid holdup at each point in 
time, giving an estimate of the actual liquid holdup profile changing with time.   
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Figure 3.26 Effect of change in the fluid temperature on the response of the probe 
 
 
In order to get the actual gas superficial velocity in the pipe, the gas superficial 
velocity was corrected using the equation. 
 
             
PP
SG A
mU U
                                                   (3.5) 
 
Where 
Qm ARUU                                                       (3.6) 
 
PU  = gas density at pipe pressure = 1.2 PP 
PA  = Pipe area 
Q  = indicated flow at the rotameter 
RU  = gas density at reference (1.2) 
AU  = gas density at rotameter =1.2 PA 
PP = Pipe pressure 
PA = Pressure at the rotameter 
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3.3 Methodology during an experimental run 
In order to provide data on gas-liquid two-phase flows behaviour in inclined pipes an 
experimental programme was carefully designed. In doing so, the exploration of the 
factors affecting the evolution of slug flow was undertaken. First it is necessary to 
determine the experimental conditions to be studied and then to proceed to establish 
the corresponding gas and liquid flow rates. Once a particular inlet flow condition has 
been set, the condition is maintained until the experiment is performed and the data is 
recorded. Once the full series of experiments is completed, the analysis of the 
corresponding results is made with the purpose of determining if they behave in an 
acceptable way, if not, the runs are repeated and we look for  causes of error. The 
same procedure is repeated until having tested the entire matrix of inlet flow 
conditions. 
 
3.4 Uncertainty of experimental measurements 
Uncertainty of a measured value is an interval around that value such that any 
repetition of the measurement will produce a new result that lies within this interval.  
This uncertainty interval is assigned following established principles of uncertainty 
estimation. Due to the fact that only one sample experiment was performed for each 
run, a reasonable estimate of the measurement uncertainty due to random errors is 
based on the least count approach. Table 3.3 presents estimated error in each of the 
measurements carried out in the experiments presented in this work. Appendix C 
provides the details of the calculation, including propagation error in calculated 
variables. 
 
Table 3.3 Uncertainty of the experimental measurements 
Measurement Uncertainty r 
Superficial liquid velocity 0.06 ms-1 
Superficial gas velocity 0.01 ms-1 
Liquid holdup 15% of the reading 
Pressure drop 0.025% of full scale 
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Chapter 4 
 
Gas-Liquid Flow in 38 mm 
Pipe 
 
  
 
In this chapter the results of the experiments carried out in a 38 mm pipe will be 
presented. The experimental arrangement was described in Chapter 3. In the 
experiments performed, measurements of liquid holdup were taken at two locations 
downstream of the mixing section for horizontal and different inclinations for a wide 
range of flow rates. The pressure drop was also taken by means of a differential 
pressure transducer. This permitted the effects of flow rates and of pipe inclination to 
be studied. Time series analysis was performed on the holdup time traces and average 
and distribution of the flow characteristics are reported, e.g. slug frequency, bubble 
propagation velocity, liquid holdup in the liquid slug body and slug length. Also the 
results comparisons with models and correlations are reported. Both analysis and new 
data on gas-liquid flow parameters are reported for the inclined pipe considered. 
Visual observations were performed in order to identify the flow patterns.  
 
This chapter is divided into the following sections each of which will provide details 
about the results presented as well as some discussion: 4.1 Test matrix, 4.2 
Visualisation of the flow patterns, 4.3 Flow pattern maps, 4.4 Liquid holdup, 4.5 
Frequency, 4.6 Pressure drop, 4.7 Structure velocity, 4.8 Estimation of characteristic 
parameters of slug flow from the PDF plot and finally 4.9 The effect of increasing the 
liquid flow rate. 
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4.1     Test matrix   
A total of 960 experiments were carried out for several inclination angles within the 
range of -5q to 90q (with respect to the horizontal) and most of them with the same 
inlet flow conditions.  
 
The experiments were divided into two campaigns; low and high liquid flow rate. For 
very high superficial velocities the flow pattern can be considered independent of the 
inclination angle as it has been shown by Weisman and Kang (1981). For lower 
mixture velocities however the flow pattern is more sensitive to the inclination angle 
and therefore the effect of pipe inclination needs to be taken into consideration, since 
modelling flow pattern transitions and pressure drop in deviated wells often requires 
holdup and pressure drop estimates for multiphase fluid. Therefore in order to observe 
the changes of the flow parameters with pipe deviation, a selected range of superficial 
velocities are considered in this study. 
 
In the methodology used, the effect of the inclination angle was systematically 
investigated by conducting a series of air-water experiments for different inclination 
ranging from 5q downward to 90q upward. The data from the visual observations, plus 
the data obtained from time series analysis will allow obtaining a picture of the 
behaviour of multiphase flow in deviated pipes. Table A.1 in appendix A summarises 
the test conditions examined in this work.  
 
Each point in the matrix of inlet flow conditions is determined by the values of both 
gas and liquid superficial velocity. The experimentation process involves the 
methodology to follow in order to perform any run defined within the matrix of tests 
of inlet flow conditions and inclination angles. 
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4.2     Visualization of flow patterns 
The first and simplest approach to study two-phase flow behaviour in deviated pipes is 
to visualise the flow. Flow patterns play very important roles in two-phase flow. Each 
regime has certain hydrodynamic characteristics, occurrence in nature and many 
applications in industries. In this work, the designation of the flow pattern has been 
based largely on individual interpretation of visual observation, carried out through 
the transparent pipe section of the rig, by means of a high speed video system as well 
as the naked eye. Also techniques of Probability Density Function (PDF), lag plot and 
cross correlation have been used to characterise the flow pattern as can be seen in the 
following sections.   
 
Regarding the high speed video system, in order to diminish deformation of the 
pictures due to the refraction by the cylindrical pipe wall, the recordings were 
performed with a squared sided, 0.2x0.2x0.2 m3 acrylic resin box filled with water 
mounted around the pipe, and it has been found that front lighting gave the best 
results. The observations in the current work are illustrated in Figures 4.1 to 4.5 by a 
set of photographs that show mainly the effect of inclination angle on the flow pattern. 
 
Stratified flow was only observed when the pipe was horizontal or inclined 
downwards (Figure 4.1a and Figure 4.4a). For relatively low gas superficial velocities 
the dominant flow pattern is intermittent (Figure 4.1b-4.1g), intermittent flow includes 
both slug and churn. Inclined slug flow is observed to have back flow in the liquid 
film part of the slug unit.  It appears as if most of the liquid is at some time flowing 
backward. 
 
For upward inclined flow and the conditions of the test matrix of Appendix A, as the 
inclination angle increases with respect to the horizontal, the flow pattern gradually 
changes from stratified to slug and then to churn flow as shown in Figure 4.1, with the 
transition form stratified to slug flow occurring at very small inclinations (less than 
5q) whereas the transition from slug to churn flow occurs at an inclination angle of 
about 60q.  
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a) 0q inclination 
 
 
b) 5q inclination 
  
c) 15q inclination 
 
  
c) 25q inclination 
 
 
        d) 45q inclination 
 
 
 
e) 60q inclination 
  
f) 80q inclination 
 
g) 90q inclination 
 
 
Figure 4.1 Visualization of flow patterns in deviated pipes; liquid superficial velocity = 0.2 
m/s, gas superficial velocity = 0.15 m/s.  
 
As the pipe orientation comes close to the vertical, the bubbly flow pattern appears at 
low liquid and gas  rates because of high local concentrations of bubbles, that move 
from the top of the pipe (in inclined) to the centre (Figure 4.2). The changes observed 
in the flow pattern with inclination angle and can be related with the change of the 
liquid holdup with inclination and also in others parameters such as the pressure drop 
and the frequency.  
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Also, for inclined upward flow at low gas superficial velocities, small discrete gas 
bubbles flow through the upper part of the pipe cross section. The concentration of 
bubbles tends to increase with the liquid superficial velocity, and the mixing section of 
the slug becomes more turbulent which in turn provokes air entrainment into the 
liquid slug. As the gas superficial velocity is increased, the gas bubbles tend to occupy 
an increasing cross section of the pipe. Figure 4.1e to 4.1g depicts such a difference in 
the flow pattern at different pipe inclinations 
 
One distinction between flow patterns in vertical and inclined systems can be obtained 
from the examination of the pictures in Figure 4.2. Because of the buoyancy force, 
more of the gas phase tends to flow along the upper wall of the pipe than the lower 
wall. The gas segregation that occurs is particularly characteristic for flow patterns in 
which phase velocities are not too high, as with bubbly and slug flow. In this two flow 
regimes, gravity effects dominate and bubbles tend to flow in the upper portion of the 
pipe. 
 
 
a) 45q inclination 
 
 b) 60q inclination 
 
c) 90q inclination 
Figure 4.2 Visualization of flow patterns in deviated pipes; liquid superficial velocity = 0.2 
m/s, gas superficial velocity = 0.45 m/s.  
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Another distinction between vertical and inclined flow is the influence of pipe 
inclination on the shape of large bubbles (see Figure 4.3). The increased radial 
pressure on the bubbles tends to make them sharper than their counterparts in vertical 
systems, Hasan and Kabir (1988). This observation is particularly true of Taylor 
bubbles in slug flow. In vertical flow, the Taylor bubbles have been observed to have 
a symmetrical hemispherical top (Figure 4.3b). In inclined flow, the top of the Taylor 
bubble is shaped more like an ellipsoid than a hemisphere and no longer symmetrical 
about the bubble axis (Figure 4.3 a). 
 
 
 
 
Figure 4.3 Visualization of flow patterns in deviated pipes; liquid superficial velocity = 0.05 
m/s, gas superficial velocity = 0.10 m/s.  
 
 
By increasing the gas superficial velocity, highly aerated slugs or waves with back 
flow and roll-waves that sometimes look like static are observed (Figure 4.4). This 
appears to be almost independent of the angle of inclination.  In addition, a very thin 
film is seen to form at the top of the pipe. For such flows, strong fluid shear force 
counteracts gravity, and much of the gas tends to flow through the central portion of 
the pipe, as in vertical flow. 
 
 
 
a) 45q inclination 
 
 
b) 90q inclination 
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a) -5q inclination 
 
b) 45q inclination 
c) 
80q inclination 
 
d) 90q Inclination 
 
Figure 4.4 Visualization of flow patterns in deviated pipes; liquid superficial velocity = 0.2 
m/s, gas superficial velocity = 8.9 m/s. 
 
 
Experimental detection of flow patterns and transition boundaries has to be based on 
the prerequisites knowledge of expectant flow patterns. Industrially there is a 
requirement not only to understand the possible flow patterns but also to predict which 
flow regime exist within a given pipe line. Since different flow mechanisms are 
dominant in different flow patterns, correct identification of the different flow patterns 
is the basis for prediction of liquid holdup and pressure drop. A revision of flow 
patterns identification techniques was made in Chapter 2. 
 
Following the suggestions of Jones and Zuber (1975) and Costigan and Whalley 
(1997) Probability Density Functions (PDF) of the time series of the liquid holdup 
were examined to identify flow patterns.  The PDFs of holdup provides a more 
objective method by which flow patterns two-phase flow may be defined, Heywood 
and Richardson (1979).   
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The first step in the time series analysis performed, consisted of plotting the time 
series, this allows detecting the essential components of the series. An example of a 
typical time trace of liquid holdup obtained with the capacitance probes is shown in 
Figure 4.5. The variation of the liquid holdup in the time series shows the unsteady 
character of the flow.  
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Figure 4.5 Typical time trace of the liquid holdup for 45q inclination angle, Usl=0.73 m/s 
Usg=0.9 m/s. 
 
The time trace of holdup can provide lots of information, however the corresponding 
time series analysis has to be performed. In this section, the adopted procedure is 
based on the statistical analysis of the liquid holdup records.  Simultaneous analysis of 
multiple time series from each of the experiments requires some degree of automation, 
due to the large amount of data involved. For one data point, two holdup and one 
pressure drop sensor time traces were analysed, each containing up to 36000 samples. 
An analysis tool kit was implemented in Matlab. The main motivation for generating a 
tool kit was to ensure equal treatment of all data points, and to interactively be able to 
evaluate and modify the automatic calculations. 
 
The rate of data acquisition was selected based on the lag plot of the data (Figure 
4.6b). A lag is a fixed time displacement. For a lag plot on a single time series, the lag 
plot consists of: 
 
x Horizontal axis = HL(i) 
x Vertical axis = HL(i+1) 
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Where HL(i) is the liquid holdup at point i. i «A lag plot checks whether a 
data set or time series is random or not. Random data should not exhibit any 
identifiable structure in the lag plot. This sample lag plot exhibits a linear pattern. This 
shows that the data are strongly non-random. 
 
The corresponding autocorrelation plot (Figure 4.6a) of the data shows that there is a 
high degree of autocorrelation between adjacent and near-adjacent observations (i.e., 
there is time dependence in the data) and therefore time series is non-random. It can 
be observed that in general the holdup is a non-random variable. 
Autocorrelation plots are formed by  
x Vertical axis: Autocorrelation coefficient  
x Horizontal axis: Time lag h (h = 1, 2, 3, ...) 
 
 
-4 -2 0 2 4
x 104
0
0.2
0.4
0.6
0.8
1
Time lag
Co
rr
el
at
io
n
 
Co
ef
fic
ie
n
t 
0.2 0.4 0.6 0.8 1
0.2
0.4
0.6
0.8
1
HL(i)
H
L(i
+
1) 
 
 
                       a)             b) 
Figure 4.6 Typical autocorrelation plot (a) and the corresponding lag plot (b) for the time 
series of figure 4.5. 
 
Autocorrelation was also a useful tool for finding repeating patterns in a signal, such 
as determining the presence of periodic structures in the signal which have been 
buried under noise, or identifying the fundamental frequency of a signal which does 
not actually contain that frequency component, but implies it with many harmonic 
frequencies.   
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In Figure 4.7, several time series plots for different inclination angles are put together 
in order to observe the effect of inclination on the time series, this is done for several 
liquid superficial velocities as well. For these conditions, the major differences are 
clearly seen at inclination angles close to horizontal. 
 
Since the cross sectional area-average holdup distribution along the pipe length was 
recorded by rapid scanning of the pipe at one point, a Probability Density Function 
p(HL) may be estimated from the holdup time trace. 
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Figure 4.7 Time series USG=0.9 m/s. x-axis, time (s); y-axis, Liquid holdup. 
 
The Probability Density Function is defined as the derivative  
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Where the quantity HdHpHdP LLL )()(    represents the probability that the holdup 
lies between the values HL and HL +d HL 
 
If the holdup trace has its holdup scale broken into equal increments of ' H L j, and the 
time scale broken into equal increments of 'tj and during the total time interval T, the 
holdup is seen to lie in the interval for a total of n times, then 
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Since the ratio ¦ 'Tt j  is the estimated probability that the holdup lies within the 
given interval ' H L  j, it is seen that 
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where p( H L ) represents the PDF of the particular holdup trace examined and will 
have particular form according to the nature passing through the probe during the 
sample time. If the sample is made large, then p( H L ) will approximate closely to the 
true PDF, i.e. 
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Alternatively if several holdup traces (M) are obtained for constant flow conditions, 
an average PDF may be defined by 
 
)(1)(
1
HpMH
p L
M
m
mL ¦
 
 
                                                (4.5) 
 
Chapter4:  Gas-liquid flow in 38 mm pipe 
 83 
For the PDFs shown in the next sections, a number of segments of 100 was used. 
Figure 4.8 shows the PDF for the time series of Figure 4.7. It shows the effect of both 
inclination angle and liquid superficial velocity on the histogram.  
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Figure 4.8 Probability Density Function USG=0.9 m/s. x-axis, liquid holdup; y-axis, PDF (%). 
St=Stratified flow, S=Slug flow, W=Wavy flow. 
 
As it is known, the concept of PDF for the time series of liquid holdup has been used 
by Jones and Zuber (1975) as well as Costigan and Whalley (1997) in developing a 
more objective method by which flow regimes in vertical two-phase flow may be 
defined. In the stratified, bubbly, annular and slug flow regimes the PDFs will have 
the following forms: 
 
x Dispersed bubble flow: single peaked PDF occurring at high liquid holdup. 
x Annular flow and stratified flow: single peaked PDF occurring at low liquid 
holdup. 
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x Slug flow: twin-peaked PDF, one peak characteristic of dispersed bubble flow 
and the other characteristic of annular flow. 
  
As we can see, the comparison between the visual observations presented in Figure 
4.1 and the PDFs presented in Figure 4.8 shows good agreements since the shape of 
the PDF graphs indicates that intermittent flow is apparent as was observed. This also 
agrees with other works, including Kokal and Stanislav (1989), who have found that 
for the case of inclined upward flow, since uphill flow must overcome the force of 
gravity, for a wide range of gas and liquid flow rates, intermittent flow will dominate 
in the pipe, while stratified flow dominates in downward inclined pipes.  
 
In Figure 4.9, two more sets of PDFs are presented for the range of inclinations from -
5 degrees to 90 degrees, they correspond to a USG=1.5 and USG=2.9 m/s respectively. 
As we can observe, for USG=1.5 m/s the double peak shape of the PDFs shows that 
slug flow is present for the liquid superficial velocities and inclinations from 
horizontal to vertical. However for the case of 2.93 m/s, slugs can only be observed 
for the case of USL=0.73 m/s and the slugs that used to exist at lower USG, now change 
into waves.  
 
By means of the PDF it is not easy to distinguish between wavy and churn flow, and 
in order to differentiate we have observed that slug-churn transition might occur at an 
inclination angle around 60q. Therefore we name churn flow to these PDFs with one 
peak at an inclination angle greater than 60q. 
 
For plots of PDFs corresponding to the higher gas superficial velocities used in this 
work, the shape of the PDF indicated that intermittent wavy or churn will be present in 
the pipe. Based on this analysis presented so far for flow pattern identification in the 
following section the data will be plotted on the corresponding flow pattern map, 
which will summarize the occurrence of flow patterns for the conditions under 
investigation. 
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Figure 4.9 Probability Density Function a)USG=1.47 m/s and b)USG=2.93 m/s. x-axis, liquid 
holdup; y-axis, PDF (%).St=Stratified flow, S=Slug flow, W=Wavy flow, C=churn flow. 
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4.3     Flow pattern map 
When a gas-liquid mixture flows along a deviated pipe, the mixture can arrange itself 
in different geometric distributions of the phases, influenced by several variables such 
as inlet flow rates, fluid properties, pipe geometry and orientation of the flow. These 
geometric configurations are usually referred to as flow patterns or regimes. The most 
common way of identifying which flow pattern occurs for a given set of flow rates is 
to use a flow pattern map.  
  
The present section reports new data on flow pattern transitions for gas-liquid flow in 
inclined pipes. The study of the conditions at which flow pattern transitions occur in 
inclined pipes has been made qualitatively characterizing the flow pattern seen during 
co-current gas-liquid flow in the inclined rig as described in Chapter 3. 
 
Before getting any further, it is important to specify briefly but as precisely as possible 
the features of the flow used to characterise the flow pattern designated, and for the 
present work, the following criteria apply: 
 
Stratified flow (St): The liquid phase flows at the bottom of the pipe with the gas at the 
top. Depending on the interface, it can be either smooth or stratified wavy. 
 
Intermittent flow (I): This flow pattern is characterised by a non-uniformly distributed 
axially liquid hold-up. Plugs or slugs of liquid which fill the pipe are separated by gas 
zones which contain liquid layer flowing along the bottom of the pipe. The liquid may 
be aerated by small bubbles which are concentrated toward the front of the liquid slug 
and the top of the pipe. The intermittent flow pattern is usually subdivided into slug 
(S) and elongated bubble (EB) flow patterns, but the distinction between them has not 
been clearly defined. Following Barnea et al. (1980), in this work, the elongated 
bubble pattern is considered the limit case of slug flow when the liquid slug is free of 
entrained slug bubbles. 
 
Annular flow (A): The liquid flows as a film around the pipe wall. A liquid film 
surrounds a core of high velocity gas which may contain entrained liquid droplets. For 
non-vertical flow, due to the gravity force, the film at the bottom is normally thicker 
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than at the top depending on the flow rates of liquid and gas. At the lowest gas rates at 
which transition to annular flow from slug flow is observed, most of the liquid flows 
at the bottom of the pipe.  
 
A study of the different flow pattern maps available in the literature was made in 
Chapter 2, where the equations that describe the boundaries between the flow patterns 
are given. These are plotted below for different inclination angles together with the 
data gathered in the present work. First we present the flow pattern map of  Taitel and 
Dukler (1976). 
 
 
 
-5° Inclination                                              0° Inclination                                     
 
Figure 4.10 Flow pattern maps for horizontal and 5q downward inclination. Taitel and 
Dukler (1976) 
 
 
The flow regime map at -5° downward inclination is shown in Figure 4.10. Here, the 
transition from stratified to slug flow becomes much more dependent upon the 
superficial gas velocity. At a superficial gas velocity of 1.5 m/s, only stratified flow 
was observed at all superficial liquid velocities studied. However, for horizontal flow, 
as we can see in Figure 4.10 slug flow is observed for these conditions.  It occurs at 
lower liquid superficial velocities and gas velocities as well, substituting the wavy 
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flow and stratified flow in some cases. These changes, as was illustrated in the 
previous section are observed at low gas superficial velocities. Data for annular flow 
shown in Figure 4.10 are from Geraci (2005). 
 
For the same conditions presented in the flow pattern maps of Figure 4.10, from 1° 
upwards, Taitel and Dukler (1976) flow pattern map predicted that slug flow would be 
present.  Indeed when a pipe is only slightly inclined to the horizontal, the flow 
pattern behaviour is very similar to that seen in a horizontal line. The major change 
observed is that stratified flow disappears at very low angles of inclination. The region 
formerly occupied by stratified flow is now occupied by plug flow. Wavy flow is still 
observed, but the wavy flow region now begins at a higher gas flow rate. The region 
formerly occupied by the wavy flow is generally occupied by broken slug flow 
(highly aerated slug flow).  
 
Because the experiments were performed at steeper inclination angles, where the 
Taitel and Dukler (1976) flow pattern map for horizontal and slightly inclined pipe 
does not apply,  next we will plot the data of flow regimes observed in the 
experiments on both the Weisman and Kang flow pattern map and Barnea et al. 
(1980) flow pattern map. These flow pattern maps extend in the whole range of 
inclinations. 
 
Four uphill flow regimes have been observed; these are bubble, slug, churn, and 
annular flow.  Each of these occurs in progression with increasing gas rate for a given 
liquid rate.   
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Figure 4.11 Flow pattern maps for different inclination angles. Weisman and Kang (1981). 
Note for 45, 75 and 85q flow pattern maps the data at USL=0.73 actually correspond to 40, 70 
an 80q respectively 
 
The flow pattern map of Figure 4.11 is showing the behaviour in a 38 mm pipe 
inclined upward. It is observed, as it was also observed by Weisman and Kang (1981) 
that at high gas superficial velocities the flow pattern appears not to be influenced by 
the angle of inclination. 
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The Weisman and Kang (1981) flow pattern map does not differentiate between slug 
an churn flow. Indeed, the flow patterns slug and churn are often described together as 
intermittent flow, since they behave similar, but more importantly because they are 
difficult to distinguish. There is a history of uncertainty over the correct location of the 
slug to churn flow boundary and this uncertainty persists to date. However, more 
detail analysis of the flow characteristics, obtained with the time series analysis can be 
considered to identify flow pattern boundaries, for example structure velocity 
behaviour and frequency. 
 
Unlike Weisman and Kang (1981), in the next flow pattern, there is a boundary that 
separates slug flow from churn flow, this was proposed by Brauner and Barnea (1986)  
by taking into consideration a relationship between the mixture velocity and void 
fraction at the dispersed bubble flow boundary. 
 
Barnea (1987) summarized the more relevant models for prediction of flow patterns 
and suggested a logical path for flow pattern determination for the whole range of pipe 
inclinations. The main purpose is to construct a completely general method that allows 
the prediction of the flow pattern, once the flow rates, the conduit geometry, the 
inclination angle and the fluid properties are specified.  
 
Figure 5.12 shows the flow regime map for different inclination angles, the curve 
corresponding to the model of Brauner and Barnea (1986) for slug-churn transition 
seems to make its appearance for upwards inclination angles from 30q upwards. 
However this curve does not agree quite well with the flow pattern found for this 
work, having its closes agreement for the case of vertical flow. 
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Figure 4.12 Flow pattern maps for different inclination angles. Barnea (1987). Note for 45, 
75 and 85q flow pattern maps the data at USL=0.73 actually correspond to 40, 70 an 80q 
respectively 
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The models for flow pattern boundaries considered in this section try to represent the 
true physics of the flow behaviour observed in experiments. However, they simplify 
the description of the physical phenomena so that a mathematical simulation is 
possible. In order to see how well these flow patterns predict, a comparison is made 
and it is presented in the form of a table, see Table 4.1. 
 
Table 4.1 Comparison of flow regime maps 
 
Flow regime Number of 
points 
Taitel and Duckler 
Correct (%) 
Weisman 
Correct (%) 
Barnea 
Correct (%) 
stratified 44 45 50 NA 
Slug (horizontal) 22 36 45 NA 
Slug 366 NA 39.6 49 
Wavy 
(horizontal) 
22 50 NA NA 
Wavy 318 NA NA NA 
churn 151 NA NA 37.7 
 
 
From Table 4.1 it is clear that predictions of the flow patterns tested do not have a 
good agreement with the results obtained in the present work. However there is still 
the necessity to improve such predictions for slug-churn transition, which depends on 
both flow rate and inclination angle.  
 
In addition to the PDF of the liquid holdup, the Coefficients of skewness and kurtosis 
associated with the N samples of liquid holdup data were also obtained, since these 
parameters have been successfully used by Hasanein et al. (1997) among others to 
determine the flow pattern in small pipes. The results are presented in appendix D for 
the sake of completeness. 
 
 
 
 
 
Chapter4:  Gas-liquid flow in 38 mm pipe 
 95 
4.4     Liquid holdup 
The next section of this chapter will focus on analysis and interpretation of the liquid 
holdup results. Liquid holdup plays a large role in inclined pipes. An accurate 
prediction of the liquid holdup within a transport pipeline is an important factor within 
many two-phase flow calculations and is often the starting point for many predictive 
models. The liquid holdup was measured with the capacitance probes in form of a 
time series, as described in Chapter 3. The probes were conditioned on a daily basis to 
account for drift, in order to normalize the signals (0±1). The sensors were only used 
for stratified, wavy, elongated bubble and slug/churn flow detection. These are the 
dominant flow patterns. 
 
In practice sometimes we are interested in knowing the mean value of the time 
varying liquid holdup. Therefore from the liquid holdup time series (Figure 4.7), using 
Įk, as the instantaneous volumetric fraction of the phase-k (k is either air or water) 
existing over the pipe cross section of either of the capacitance probes, we can obtain 
the average phase volume fractions over the whole time series,  
 
¦³  
 
  
Nn
n
k
T
kTk N
dt
T 1
11 DDD                                                         (4.6) 
 
Where   V  stands for the average over the entire time series period (T) and N is the 
number of data points in the time series. In the same way other quantities presented in 
the following sections will be averaged. 
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Figure 4.13 Liquid holdup for different inclination angles 
 
The average values of liquid holdup for different inclination angles and gas superficial 
velocities were plotted above in Figure 4.13. We can observe that in general, for a 
constant liquid superficial velocity, the average liquid holdup decreases when the gas 
velocity is increased. Indeed Baker (1957) and Flanigan (1958) both develop 
correlations for calculation of liquid holdup in pipes based on the the gas superficial 
velocity. However this tendency is slightly affected by the inclination angle and the 
usual tendency of the liquid holdup with inclination angle is affected by the gas 
superficial velocity. The main effect is observed in how fast the liquid holdup 
decreases.  
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For downwards stratified flow, the liquid holdup becomes independent of the gas 
superficial velocity over the range of gas flow rate employed but is a function of the 
liquid flow rate.  In uphill flow, the pipe inclination has just a slight effect on the 
liquid holdup.  The liquid holdup increased slightly for the higher inclination angles.  
 
The dependence of time averaged liquid holdup on the angle of inclination can be 
explained as follows: for downhill flows, the liquid moves faster due to gravity, 
resulting in lower liquid holdups, whilst for uphill flows this effect is reversed and the 
liquid moves slower resulting in intermittent flow and higher holdups. 
 
From Figure 4.14, another interesting thing that can be seen is the fact that liquid 
holdup also changes with the flow pattern, this effect is stronger for the cases of 5, 10 
and 15 degrees of pipe inclination, there is a decrease and increase in the mean liquid 
holdup when the gas superficial velocity is around the range of 1.5 - 4 m/s. This 
behaviour occurs for all of the liquid superficial velocity. 
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Figure 4.14 Effect of flow pattern on liquid holdup, USL=0.04m/s. 
 
For a fixed liquid flow rate, when the gas flow rate is as low as possible, the gas 
travels along the pipe in the form of elongated bubbles  whereas the liquid tends to 
stay in the pipe, as a result the liquid holdup is high, however it decreases very quickly 
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until certain value where further increase in the gas flow rate will result a change of 
flow pattern, and slug which in spite of the fact that they displace liquid out of the 
pipe, provoke a considerable back flow of the liquid in the pipe because of the 
shedding process at the tail of the liquid slug and therefore the liquid holdup increases 
slowly until a value where increasing the gas flow rate a bit more results in a situation 
where the gas flow rate is capable of overcoming the back flow and the liquid holdup 
will decrease again but slowly.  
 
A few correlations for calculating liquid holdup were found in the literature and now 
we take them into consideration to compare with the data obtained in the present 
work, first we compare Guzhov et al. (1967) correlation, which was developed for 
small inclination angles (<10q) . The comparison is illustrated in Figure 4.15 by 
considering three different inclination angles, namely 0, 5 and 10q. 
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Figure 4.15 Comparison of measured overall liquid holdup and predicted by Guzhov et al. 
(1967) correlation. 
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We can observe that Guzhov et al. (1967) correlation is not reliable at low values of 
liquid holdup; it seems to fail to predict values of holdup less than 0.2. Indeed, 
Gregory (1974) suggested that this correlation should not be used for cases where the 
predictions of holdup are less than 0.25. In addition, this correlation is independent of 
inclination angle from 0 to 9 degrees, which can justify the disagreement with the 
present data, since it has been observed that it is at this angles that the holdup presents  
the biggest changes, particularly at low gas superficial velocities. 
In order to determine the quality of the predictions the absolute error for each data 
point was calculated as  
           100x
pred
measpred
D
DDH                                           (4.7) 
 
The mean absolute error and the standard deviation of the absolute error were then 
used to compare the correlations, 
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The same procedure is applied whenever a model or correlation is compared in the 
following sections. 
 
Greskovich (1973) suggested a simplified procedure to calculate the liquid holdup in 
inclined pipes based on the fact that straight lines can be obtained by Guzhov et al. 
(1967) correlation for a given mixture Froude number on a plot of in-situ liquid 
holdup vs input liquid holdup (EL vs CL.), see Chapter 2. Since at CL=1, all of these 
lines converge at EL=1, Greskovich (1973) suggested that only the intercept 
corresponding to CL=0 needed to be measured on order to establish the whole line for 
a given Froude number. In order to see this behaviour in the present data, in Figure 
4.16 we plot the actual liquid holdup as a function of the input liquid holdup.  
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Figure 4.16 Mean in-situ liquid holdups plotted as function of the input liquid holdup for 
different inclination angles 
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In Figure 4.16, the linear tendency can be observed specially for the case of USL=0.73 
m/s, for which higher values of both in-situ liquid holdup and input liquid holdup are 
obtained. It can be seen that the in-situ liquid holdup is bigger than the input liquid 
holdup, particularly for the low values of input liquid holdup, since the liquid tends to 
accumulate in the pipe when it is inclined upwards and not surprisingly for when input 
liquid holdup tends to 1, the in-situ liquid holdup follows the same behaviour. 
 
Another model for liquid holdup was proposed by the Mattar and Gregory (1974) 
model. They developed their model especially for slug flow at inclination angles less 
than 10q. Figure 4.17 shows the comparison between the model and the present work. 
It is worth noting that they develop the model based on parameters they found with 
air-oil slug flow, which justify the disagreement observed. 
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Figure 4.17 Comparison of measured overall liquid holdup and predicted by Mattar and 
Gregory (1974) model. 
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As we can see the correlations compared so far fail to predict the liquid holdup 
measured in most of the experiments of this work. However this can be justified, by 
the fact that in not all the experiments, slug flow was observed. Next comparison is 
with Beggs and Brill (1973) correlation for liquid holdup and pressure drop, since it is 
the most complete work for prediction of liquid holdup and pressure drop in inclined 
pipes.   
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Figure 4.18 Comparison of measured overall liquid holdup and predicted by Beggs and Brill 
(1973) correlation. 
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It was observed that for low values of liquid holdup, the correlation under predicts. 
Over-prediction was observed only at intermedium values of HL, Figure 4.18. Among 
the correlations tested, the Beggs and Brill (1973) has performed better in comparison 
to the present data, it might be due to the fact that it was developed from data taken 
with the same pipe diameter (38 mm). 
In Table 4.2, a comparison is reported between the correlations tested. This is in order 
to summarise the graphs presented above and also to quantify the error obtained with 
the different correlations.  
 
Table 4.2 Comparison of Liquid holdup correlations 
 
Correlation Inclination 
 
Number of 
points 
Mean error 
(%) 
Standard 
Deviation 
 
Guzhov et al. (1967) 
0q 80 1.46 42.63 
5q 80 -15.96 23.82 
10q 80 -17.47 16.89 
 
Mattar and Gregory 
(1974) 
0q 80 54.1 66.4 
5q 80 26.9 36 
10q 80 25.5 28.9 
 
 
 
 
 
Beggs and Brill (1973) 
0q 80 -35.7 50.5 
5q 80 -43.48 23.3 
10q 80 -37.3 25.6 
30q 70 -29.9 26.5 
45q 60 -33.3 25.7 
50q 50 -30.3 28.7 
60q 70 -32.8 29.1 
75q 70 -41.3 24.8 
90q 80 -45.4 24.4 
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4.5     Frequency 
It has been shown that intermittent flow exists as the dominant flow pattern in upward 
inclined flow. Intermittent flow is characterised by the variation of the liquid holdup 
with time, mainly in the form of periodic structures.  To characterise these structures, 
analysis of the fluctuations in liquid holdup the time series was carried out, and the 
frequency was calculated.  When analysing the frequency, it was found that it is a very 
complex parameter and therefore care must be taken when performing the 
calculations. Also interpretation of the result is important to verify the values, since 
the frequency is a very fundamental parameter of intermittent flow and it is used 
together with the translational velocity for the calculation of slug length. 
 
In order to determine the frequency of periodic structures (slugs) the methodology of 
Power Spectral Density (PSD) was applied.  In addition the number of slugs visible on 
the liquid holdup time traces were counted.  The latter was carried out using different 
discrimination levels. 
 
Regarding the counting method, following the criterion used by most researchers (e.g. 
Nydal (1991)) we used a critical value of 0.7 for the liquid holdup in the slug in order 
to be considered slug flow pattern. From Figure 4.19 it can be seen that using different 
values for the threshold will result in a different number of slugs, which in turn gives a 
different frequency. 
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Figure 4.19 Threshold for the liquid holdup level used to determine the number of slugs in the 
time series 
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A very important feature of the liquid holdup signal is its average power.  The holdup 
VLJQDO¶VLQVWDQWDQHRXVSRZHULVGHILQHGDVWKHVTXDUHRIWKHVLJQDO7KHDYHUDJHSRZHU
is the average of instantaneous powers over their time interval.  For a periodic signal, 
the natural time interval is clearly its period and the average power is the mean square 
value of the signal.  
 
The Power Spectral Density, PSD, is a measure of how the power in a signal changes 
over frequency and therefore, it describes how the power (or variance) of a time series 
is distributed with frequency. Mathematically, it is defined as the Fourier Transform 
of the autocorrelation sequence of the time series. The Discrete Fourier Transform 
(DFT), sometimes called the Finite Fourier Transform, is a Fourier transform widely 
employed in signal processing and related fields to analyze the frequencies contained 
in a sampled signal, solve partial differential equations, and to perform other 
operations such as convolutions. The DFT can be computed efficiently in practice 
using a Fast Fourier Transform (FFT) algorithm.  
 
In terms of signal processing, the transform takes a time series representation of a 
signal function and maps it into a frequency spectrum. That is, it takes a function in 
the time domain into the frequency domain; with decomposition of a function into 
harmonics of different frequencies. 
 
A representation of a signal in the frequency domain is the frequency spectrum. This 
is the projection of the function onto a range of sinusoidal basis functions. It can be 
found from the result of a Fourier-related transform. A frequency spectrum contains 
both amplitude and phase information and describes how much of the "energy" of the 
function or signal lies in any given frequency band, without regard for the phase. 
 
In order to use the PSD technique to determine the frequency we will follow the 
sugestions of Hubbard (1965), see Chapter 2. Figure 4.20 illustrates an example of the 
time series and corresponding PSD plot that will be used from now on.  
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The spectral plot is formed by:  
x Vertical axis: Smoothed variance (power)  
x Horizontal axis: Frequency (cycles per second)  
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Figure 4.20 Example of PSD (at the bottom) obtained from the corresponding time series (at 
the top) for 40q  inclination, USG=0.9 m/s and USL=0.7m/s. 
 
From the analysis of the whole set of experiments, the main frequency tendencies 
were obtained. A parametric analysis makes it easier to understand the complex 
behaviour of the frequency, due to the number of variables involved. 
 
First of all it was found that for a particular inclination angle, the frequency increases 
with the liquid flow rate as it has been reported in the literature for horizontal flow, 
Manolis et al. (1995). This behaviour is illustrated clearly in Figures 4.21 and 4.22, 
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which contain a set of PSD plots for different inclination angles and liquid superficial 
velocities. The gas superficial velocity is kept constant. In Figure 4.21 The PSDs 
corresponds to the same conditions as the set of timeseries and PDFs previuosly 
presented in Figure 4.8.  
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Figure 4.21 PSD graphs for Usg=0.9 m/s and different inclination angles and superficial 
velocities. x-axis, frequency (Hz); y-axis, PSD. St=Stratified flow, S=Slug flow, W=Wavy 
flow, C=churn flow. 
 
In Figure 4.21 we can observe that for downwards inclination of 5q the shape of the 
PSD graph is flat, which indicates that the flow pattern is stratified flow.As we move 
to horizontal, a peak appears in the plots, which gives an indication of the intermittent 
flow.  
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a) USG=1.5 m/s 
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Figure 4.22 PSD graphs for different inclination angles and  liquid superficial velocities. x-
axis, frequency (Hz); y-axis, PSD. St=Stratified flow, S=Slug flow, W=Wavy flow, C=churn 
flow. 
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The inttermittent flow for the conditions of Figure 4.21 extends until the vertical pipe. 
However for different values of gas superficial velocities, the behaviour changes as 
ilustrated in figure 4.22 by means of the PSDs for USG=1.5 and USG=2.9  m/s. Figure 
4.22 contains 2 sets of PSD plots. In all cases, the Power in the PSD plots decreases 
when the the gas flow rate increased. These PSD plots together are helpful to illustrate 
how the flow pattern is changing for  USG= 1.5 m/s and USG= 2.93 m/s (by the shape 
of the PSDs).   
 
In addition, Figures 4.21 and 4.22 show the effect of liquid flow rate on the frequency. 
It was observed from the experiments that the frequency of slugging increases with 
the increase in liquid superficial velocity. This is expected, as the time required to 
rebuild the level of the film to form the next slug would reduce with an increase in the 
liquid input. 
 
After anlysing the whole set of experiments, the frequencies were obtained and next in 
Figure 4.23 we present the corresponding values for the frequency for all the 
experiments.  
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Figure 4.23 Frequencies for different inclination angles. 
 
In Figure 4.23 we can observe the effect of the gas flow rate on the frequency. It is 
interesting to see that for a given liquid superficial velocity, the slugging frequency in 
general first tends to decrease and then increase. 
 
 
When the frequency is ploted as a function of the inclination angle, the results indicate 
that unlike the liquid hold up, the frequency is strongly affected by the inclination 
angle. At low gas superficial velocities, the frequency depends on the inclination angle 
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in such a way that it tends to have a maximum at about 50 degrees. For small 
inclination angles the liquid tends to go back due to gravity and forth due to mixture 
velocity and at these velocities the oscillation is more affected by the mixture velocity 
than by gravity.  
For high mixture velocities, the more deviated from horizontal, the higher the 
frequency. This dependence can be seen in the graph below. 
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Figure 4.24 Effect of inclination angle on the frequency for USG=0.9 m/s. 
 
 
The frequency behaviour also seems to depend on the flow pattern. It was found that 
not all of the intermittent structures are slug flow but waves or churn flow,  therefore 
the behaviour is more complex to be predicted properly with the PSD, since they are 
characterised by many peaks in the PSD plot, also the power is very low, which in 
turn gives uncertainty in the frequency. 
One interesting observation about the effect of the gas superficial velocity on the 
frequency can be made when we plot the time series and PSDs for a particular 
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inclination angle and keeping the liquid flow rate constant at the same time, as in 
Figure 4.25.  
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Figure 4.25 Time series (left column) and corresponding PSDs plots (right column) for 
constant liquid superficial velocity USL= 0.2 m/s at 50q inclination. 
 
For these conditions a transition from slug to wavy flow occurs when the gas 
superficial velocity is increased. Therefore two peaks on the PSD graphs begin to 
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appear, and the reason is because there exist slugs and waves for the same condition, 
however, when the gas superficial velocity is increased, the flow pattern changes from 
slug to wavy flow. The wavy frequency is high, whereas the slug frequency tends to 
be lower. When the gas superficial velocity is increased further and the wave flow 
dominates, the peak corresponding to the slugs decreases both in the Power and 
frequency, whereas the peak corresponding to the waves increases in the frequency 
but decreases in power. 
 
Figure 4.25 also illustrated the difficulty in using PSD of holdup time traces for 
frequency calculation. In these cases, counting was required in addition to the Power 
Spectral Density method. 
 
In order to examine the prediction of slug frequency measured in the present study 
with respect to different physical models and correlations, the following models were 
examined for the horizontal case.  The comparison is shown in the Figure 4.26. It can 
be observed that the Gregory and Scott (1969) and Greskovich and Shrier (1972) 
models gave identical results.  
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Figure 4.26 Comparison of frequency correlations. Horizontal flow and USL=0.73 m/s. 
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Most of the correlations found in literature (see chapter 2) correlate slug frequency 
towards one or few parameters and extrapolation to other flow systems should be done 
with care. In fact, only Zabaras (1999) take into account the inclination angle and only 
small inclinations with respect to the horizontal are considered. Since it has been 
shown that pipe deviation has a strong effect on the slug frequency it is expected that 
no good agreement will be with frequency at different inclination angles, as can be 
seen in Figure 4.27 below. 
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Figure 4.27 Comparison of frequency with Zabaras (1999) correlation. 
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Table 4.3 Comparison of frequency correlations 
Correlation Inclinatio
n 
Number of 
points 
Mean error 
(%) 
Standard 
Deviation 
 
Gregory and Scott (1969) 0q 80 35 0.74 
Greskovich and Shrier (1972) 0q 80 53 2.5 
Heywood and Richardson (1979) 0q 80 39 3.5 
Tronconi (1990) 0q 80 154 1.4 
Nydal (1991) 0q 80 84 4.6 
Manolis et al. (1995) 0q 80 51 1.5 
 
 
 
 
Zabaras (1999) 
0q 80 272 1.64 
5q 80 40 0.87 
10q 80 1.9 1.77 
30q 70 60 3.04 
45q 60 300 9.10 
50q 50 72 3.41 
60q 70 269 1.05 
75q 70 168 8.25 
90q 80 8.2 1.56 
 
 
 
It is seen in Figure 4.27 that the slug frequencies in the current study are predicted 
within ±300%. None of the slug frequency correlations work very well for very low 
frequencies in inclined pipes; however the comparison might be subjective since it 
depends on different factors such as the flow conditions. 
 
For that reason, using these frequency correlations for further estimate of other 
parameters such as slug length may deviate the result one or several orders of 
magnitude.  
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When we deal with the analysis of oscillating, unsteady fluid flow dynamics 
problems, a dimensionless value useful is the Strouhal Number. It represents a 
measure of the ratio of inertial forces due to the unsteadiness of the flow or local 
acceleration to the inertial forces due to changes in velocity from one point to another 
in the flow field. 
 
 The Strouhal Number can be expressed as: 
 
6W ȦOU                                                  (4.10) 
 
where 
St = Strouhal Number 
Ȧ = oscillation frequency 
l = characteristic length (for example hydraulic diameter) 
U = flow velocity 
 
In Figure 4.28, the Strouhal number based on the gas superficial velocity is plot as a 
function of the input liquid holdup. 
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Figure 4.28 Strouhal number as a function of the input liquid holdup for different inclination 
angles. 
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Azzopardi (1997) proposed that the pipe diameter and the superficial gas velocity 
should be used in the Strouhal number. These plots are shown in Figure 4.29. 
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Figure 4.29 Strouhal number as a function of the input liquid holdup for different inclination 
angles. 
 
Azzopardi (1997) found that such a plot shows that many of the data lie on a straight 
line and, therefore, are well correlated by the two dimensionless group employed.  
However, it is only the air/water data that lie on one line.  Data for other fluid systems 
lie above or below the main curve.  The deviation is systematic and depends on the 
liquid/gas density ratio.  In an attempt to reconcile that data Azzopardi (1997) tried an 
alternative correlation method.   
 
The original Strouhal number was replaced by one using the superficial liquid velocity 
instead of that for the gas and this was plotted against the Lockhart-Martinelli 
parameter.  The Lockhart-Martinelli parameter is defined as the square root of the 
pressure drops for the liquid part of the flow flowing alone in the pipe divided by that 
for the gas and it is approximately equal to the ratio of liquid and gas superficial 
velocities times the square root of the liquid to gas density ratio.    
   
SG
SL
G
L
U
U
X U
U                (4.12) 
 
Figure 4.30 illustrates the correlation between a liquid based Strouhal number and the 
Lockhart-Martinelli parameter, X. The linear relationship of these two parameters 
illustrates a good correlation. 
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Figure 4.30 Strouhal number as a function of the Lockhart-Martinelli parameter. 
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4.6     Pressure drop 
Pressure drop is an important parameter in pipeline design.  The pressure loss in a 
system is an essential variable for the determination of the pumping energy for a given 
flow. In this work, pressure drop has been obtained in the form of a time series by 
using the differential pressure transducer as described in Chapter 3.  
 
A typical time series of pressure drop for slug flow is shown below. The unsteady 
character of the flow is indeed clearly visible in variation of the pressure drop in the 
time series recorded by the differential pressure transducer (DP cell). It can be 
observed that the occurrence of slugs causes the measured pressure drop to fluctuate 
rapidly and widely.  
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Figure 4.31 Example of pressure drop time series obtained with the DP cell. 
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Figure 4.32 Typical pressure drop PDF 
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After analysis of the the whole set of experiments, the pressure drop tendency found 
was as can be seen in Figure 4.33. For downward flow and constant liquid flow rate, 
the pressure drop increased with the gas superficial velocity, this also happens for 
horizontal flow.  This is explained by the fact that in this case the main contribution to 
the pressure loss comes from friction losses.  For upward inclined flow, the main 
contributor is the hydrostatic head, which depends directly on the mixture density, 
which in turn is a function of the in-situ liquid volume fraction or holdup.  This fact is 
proved by the experimental results, which show that pressure drop and liquid holdup 
have a similar behaviour (Figure 4.13 and 4.33). 
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Figure 4.33 Pressure drop for different inclination angles and superficial velocities.  
 
In order to better visualise the effect of the pipe inclination angle on the pressure drop, 
a 3D graph is presented below in Figure 4.34. In this graph we can clearly observe that 
for a constant liquid flow rate, the maximum pressure drop will occur for the 90q 
inclination when the gas superficial velocity is a minimum. It can also be observed 
that the pressure drop increases with the liquid flow rate. 
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Figure 4.34 Effect of Inclination angle and superficial velocity on pressure drop, liquid 
superficial velocity = 0.7 m/s. 
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In the literature, a large number of investigations have been reported on the 
determination of pressure drop characteristics of two-phase flow in horizontal and 
vertical conduits and comparatively little has been reported on two-phase pressure 
drop in inclined pipes (see Chapter 2). Most models proposed today are applicable, if 
not actually derived for, a specific flow pattern or regime.  
 
When correlations describing pressure drop in two-phase flow has been developed 
two main approaches have been used; conservation of momentum or conservation of 
energy. For single phase flow these two approaches lead to identical results. However, 
in two-phase flow the approach has an influence on the distribution of the pressure 
losses among the different terms in the total pressure drop. Theoretically, the total 
pressure drop is of course the same for both approaches. It is therefore important to 
remember from which approach different correlations are developed. In the present 
work, only the most recommended friction pressure drop correlations will be 
presented.  
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Figure 4.35 Comparison of measured overall pressure drop and predicted by Mattar and 
Gregory (1974) correlation 
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The most widely employed empirical correlation method appears to be the Beggs and 
Brill (1973) correlation. The results from comparison with the current experimental 
data set are plotted in Figure 4.36.  When the measured pressure drop is compared 
with the predictions of the correlation of Beggs and Brill (1973), it is observed that in 
general the correlation under predicts, the correlation performs almost the same for all 
inclination angles. A relatively wide scatter with comparison with experimental data 
was observed. The discrepancies may in part be caused by the results from the 
predictions of holdup in stratified flow using the stratified flow model 
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Figure 4.36 Comparison of measured overall pressure drop and predicted by Beggs and Brill 
(1973) correlation 
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However, the correlation is less reliable at low liquid rates because of their parametric 
dependence on input liquid fraction. 
 
Table 4.4 Comparison of Pressure drop correlations 
Correlation Inclination 
 
Number of 
points 
Mean error 
(%) 
Standard 
Deviation 
 
Mattar and Gregory 
(1974) 
0q 80 287 16.88 
5q 80 225 3.28 
10q 80 294 4.45 
 
 
 
 
 
Beggs and Brill (1973) 
0q 80 74 8.5 
5q 80 37 1.2 
10q 80 88 1.8 
30q 70 9 0.2 
45q 60 -28 0.2 
50q 50 -18 0.2 
60q 70 -19 0.2 
75q 70 78.4 2.3 
85q 70 58.7 6.2 
90q 80 -14 0.2 
 
 
In additions, PDF and PSD techniques can be applied to the pressure drop time series 
as it was done to the liquid holdup, we obtained the following behaviour as can be 
seen below.     
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Figure 4.37 Comparison of time series, PDF and frequencies obtained from pressure drop and 
liquid holdup respectively. 
 
It can be seen that the frequency of slugs obtained by using the pressure drop time 
series is lower than that obtained by using the liquid holdup. The difference is thought 
to be because the separation distance between the pressure tapings (0.75 m) could be 
longer or shorter than the slug or bubble length. Therefore, some fluctuations are not 
detected by DP cell, whereas the capacitance probes can detect the high transient 
behaviour of the flow. For further analysis, the capacitance probe signals were used. 
However, the averaged pressure drop (obtained as in equation 4.6) is not affected by 
the distance between the pressure taps. 
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The result of correlating the average values of the liquid holdup and pressure drop 
signals is shown in Figure 4.38, which means there is a high dependence between 
them because the gravitational pressure drop is the major contribution to the total 
pressure drop.  
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Figure 4.38 Pressure drop as a function of the liquid holdup for USL=0.73 m/s. 
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4.7     Translational velocity 
Cross-correlation of the holdup time series produced by the two capacitance probes 
allows the translational velocity of periodical structures such as slugs to be 
determined. A plot of time series for the two capacitance probes is shown below in 
Figure 4.39.  
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Figure 4.39 Liquid holdup signals from the two capacitance probes. 50q inclination angle, 
USL=0.7 m/s and USG=1.5 m/s 
 
The character of the each signal is distinguished by only two variables, the amplitude 
of the fluctuations and their frequency. In the general theory of harmonic analysis, an 
expression of considerable importance and interest is, in the case of periodic 
functions,  
 
   dttgtg
T
W
S
S x³ 21
1
2
2
1
                                          (4.13) 
 
Where g1(t) and g2(t) are periodic functions having the same fundamental frequency 
and W is a continuous time of displacement in the range (-f,f), independent of t. This 
integral involves three important operations: 
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1. The periodic function, g2(t), is given a displacement W. 
2. The displaced function is multiplied by the other periodic function, g1(t), of the 
same fundamental frequency. 
 
3. The product is averaged by integration over the complete period. 
 
These steps are repeated for every value of W in the interval (-f,f) so that a function is 
generated. This combination of the three operations, displacement, multiplication and 
integration is called correlation. 
 
The cross correlation is a measure of the similarity between any two different signals 
and also it is a function of the relative time between the signals, is sometimes called 
the sliding dot product. Figure 4.40 shows the cross correlation plot corresponding to 
the pair of liquid holdup signals in Figure 4.39. This is a typical cross correlation plot 
that resulted for the rest of the experiments performed.  
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Figure 4.40 Cross correlation Coefficient for the two liquid holdup signals of figure 4.39. 
 
Correlation is computed into what is known as the correlation coefficient, which 
ranges between -1 and +1. Perfect positive correlation (a correlation coefficient of +1) 
implies that as one signal moves, either up or down, the other signal will move in 
lockstep, in the same direction. Alternatively, perfect negative correlation means that 
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if one signal moves in either direction the signal that is perfectly negatively correlated 
will move by an equal amount in the opposite direction. If the correlation is 0, the 
movements of the signals is said to have no correlation, it is completely random. If 
one signal moves up or down there is as good a chance that the other will move either 
up or down, the way in which they move is totally random. 
 
By following the procedure explained above, the structure velocity was calculated for 
all the experiments and the results are presented below in Figure 4.41, each subplot 
corresponds to a particular inclination angle. 
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Figure 4.41 Structure velocities as a function of the mixture velocity for different inclination 
angles 
 
By choosing, from the data shown in Figure 4.41, those for which the structure 
velocity is directly proportional to the mixture velocity, a correlating equation can be 
determined linking these two values.  The subset of data is shown in Figure 4.42 for 
the horizontal case as a typical example. Both observation and PDF have shown that 
these conditions correspond to slug flow regime.  
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Figure 4.42 Structure velocities as a function of the mixture velocity, Um, for the data 
corresponding to slug flow pattern. 
 
The correlating line for the case of the graph has the relationship Ub = 1.205 Um + 
0.2439 with a regression coefficient of 0.946.  
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In fact, the velocity of individual bubbles of gas, Ub, in the intermittent regime of gas-
liquid flow has often been correlated as a linear function of the mixture velocity, Um, 
the total volumetric flow divided by the cross section area.  
 
UUCU dmb  0                                                 (4.14) 
 
Therefore in slug flow the expected linear dependence of the structure velocity on the 
mixture velocity has been found. However trends in other flow patterns are more 
complex and the data do not follow equation (4.14) but it is considered that the 
conditions when deviation occurs from this equation can provide a more objective 
method for identifying flow pattern boundaries. 
 
For the case of wavy and churn flow the structure velocity decreases and increases 
again as a function of the mixture velocity. Another distinction can be made between 
the elongated bubbles that flow at low velocities and slug flow at high velocities. In 
fact Cook and Behnia (2001) have made a distinction between intermittent sub- 
regimes based on the behaviour of the properties of the flow.  
 
In Figure 4.42, the non-zero intercept of the line with the y axis indicates that there is 
a drift velocity component of bubbles. For the horizontal case during two-phase flow 
this is a concept which might not be obvious. For example, Wallis (1969), Dukler and 
Hubbard (1975) as well as Bonnecaze et al. (1971) claimed that the drift velocity is 
zero for the horizontal case since the buoyancy force does not act in the flow 
direction. Nicholson et al. (1978), Bendiksen (1984), and others showed that a drift 
velocity exists also for the horizontal case and, in fact in the present work it has been 
found that it may even exceed its value in the vertical case. This behaviour was also 
found by Weber (1981). 
 
In order to observe the changes in the drift velocity with the inclination angle, let us 
plot the drift velocity as a function of the pipe deviation angle, Figure 4.43. In this 
graph we can observe that the drift velocity increases as the pipe is inclined upwards 
from the horizontal position. The drift velocity the decreases again toward the vertical 
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position such that the maximum drift velocity occurs at an intermediate angle of 
inclination around 40q to 60q from the horizontal.  
 
Bonnecaze et al. (1971) were the first to give a qualitative explanation for this 
particular behaviour, arguing that the gravitational potential that drives the liquid 
velocity along the curved surface at the bubble nose increases and then decreases as 
the angle of inclination changes from the vertical position towards the horizontal 
position.  
 
For the inclined case there is no proposed model and one relies primarily on 
experimental data. The inclined case, as well as the vertical and the horizontal cases, 
were studied by Zukoski (1966), Singh and Griffith (1970), Bonnecaze et al. (1971), 
Bendiksen (1984), and Hasan and Kabir (1988). All report a particular behaviour that 
the drift velocity increases as the inclination angle is declined from the vertical 
position. The drift velocity the decreases again toward the horizontal position such 
that the maximum drift velocity occurs at an intermediate angle of inclination around 
40q to 60q from the horizontal.  
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Figure 4.43 Normalized drift velocity, gdU d , as a function of the inclination angle. 
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It can be observed that the drift velocities found are higher than the values predicted 
by Bendiksen (1984) and Hasan and Kabir (1988).This may be due to the different 
liquid velocity profile that exists in the aerated slug that was generally obtained for the 
conditions under investigation compared with the liquid velocity profile in the singe 
bubble flow. Due to the fact that drift velocity for continuous slug flow was obtained 
by extrapolation, the results obtained are higher than those predicted by theory for 
single Taylor bubble. 
 
As can be seen, the Bendiksen (1984) correlation which is a weighted interpolation 
between the horizontal and vertical cases correlates better with the present data.  
Hasan and Kabir (1988) is valid only for data taken in sharply inclined flow and goes 
to zero, which means that assumes no drift velocity for horizontal flow. 
 
The constant C0 in equation (4.14) represents a contribution of the mixture velocity to 
the translational velocity of the elongated bubble. Nicklin et al. (1962), gave C0 a 
value of 1.2 that comes from the fact that the ratio of the maximum to the average 
flow velocity in turbulent flow is equal to approximately 1.2 and based on the 
assumption that the propagation velocity of the bubbles is equal to the maximum local 
liquid velocity in front of the nose tip. Figure 4.44 shows that the constant C0 is nearly 
constant at about 1.2 to 1.3, which is in agreement with values in literature for 
turbulent flow. In fact the Reynolds number for most of the experiments performed 
was higher than 3000. 
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Figure 4.44 The constant C0 as a function of the inclination angle. 
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Hasan and Kabir (1988) proposed the relationship (2.59), which they claim to 
correlate well experimental data in the range 90q>T>30q however, it has been 
observed that this model under-predicts the drift velocity for the whole range of pipe 
inclinations, specially for inclinations near the horizontal, this can be expected 
immediately since the equation only considers the vertical drift velocity. Structure 
velocity and frequency are parameters directly proportional, with the proportionality 
factor being the structure length. Figure 4.45 shows this proportionality factor is not 
constant. Further discussion for slug length will be presented in the following section. 
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Figure 4.45 Structure velocity vs frequency for USL=0.73 m/s and different inclination angles. 
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4.8   Estimation of slug flow characteristics from PDF 
Having identified and plotted the main parameters we move to analyse the flow 
behaviour in more detail. The dominant flow pattern that is of great interest to this 
research is the slug flow. It is the purpose of this section to provide information about 
slug characteristics. In most cases, a successful recognition of slug flow has been 
obtained by monitoring the liquid phase fraction in the pipe with the capacitance 
probe and plotting the PDF. Whenever the shape of the PDF presents a double peak, 
then slug flow has been identified. 
 
The values of holdup at which the maxima in a PDF occur correspond to the most 
probable values of liquid film (bubble) and slug holdup in the slug flow regime.  If 
pb(H) and ps(H) are these two maxima in the PDF respectively, then 
 
H~ pb(H) =   Hb                                                                                        (4.15) 
And 
H~ ps(H) =   Hs                                                           (4.16) 
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Figure 4.46 Slug unit diagram that shows the slug flow parameters. 
 
The ratio of the liquid residence time (tS) to the gas bubble residence (tb) time may be 
approximated by 
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                                                  (4.17) 
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The above expression is exact in the ideal case where the system noise is constant and 
the liquid holdup is either exactly Ds or Db for the duration of the holdup trace.  
 
Also, if the gas bubble is assumed to move with the same translational velocity as the 
liquid slug, it follows from previous equation that the ratio of the average liquid slug 
length to the average gas bubble length is 
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                                                        (4.18) 
 
Based on the equations (4.15) to (4.19), in this section, the parameters of slug flow 
determined experimentally from the PDF include:    
x Slug void fraction.  
x Liquid film holdup 
x Slug length.  
 
 
4.8.1     Liquid holdup in the slug body 
 
It has been shown in Figure 4.38 that for inclined and vertical flows hydrostatic 
pressure drop is quite significant. Since it is a function of the liquid holdup in the slug 
body, evaluation of slug void fraction is important.  Slug holdup is considered one of 
the primary variables in slug flow modelling, as the solution of the averaged 
momentum and balance equations requires an independent method to predict the 
liquid holdup averaged over the volume of the slug, RS . The characteristic lengths, 
pressure drops and velocities to be computed thus are functions of the average voids.  
 
Figure 4.47 presents the results for liquid holdup in the liquid slug body for different 
inclination angles. It appears to decrease with the gas superficial velocity and slightly 
with pipe inclination. 
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Figure 4.47 Void fraction in the slug for different inclination angles 
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In Figure 4.48 a comparison is presented for slug void fraction between the data of the 
present work and some data of Nydal (1991). The conditions are not exactly the same 
however the most similar conditions were chosen to compare. It can be observed that 
the agreement is good. 
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Figure 4.48 Comparison of void fraction in the slug data. 
 
A number of models for void fraction within the slug body are presented in the 
literature review of Chapter 2 (Gregory et al. (1978), Malnes (1983), Ferschneider 
(1982), Marcano et al. (1996)), Nydal (1991) and have been compared with the 
current data set in this section. However, there appears to be no universal model for 
void fraction in slugs in the literature. Most of them are correlations based on curve fit 
of average void fraction experimental data, and the applicability to other flow 
conditions might questionable.   
 
In Figure 4.49 a comparison is presented for slug void fraction between the data of the 
present work and the models found in literature. It is observed that the Gregory et al 
correlation gives the closest agreement. 
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Figure 4.49 Comparison of correlations for liquid holdup in the slug. Horizontal flow and 
liquid superficial velocity of 0.7 m/s. 
 
Regarding the holdup in the liquid film part, an interesting observation is made when 
we focus on the dependence of the liquid holdup in the slug body with respect to the 
holdup in the liquid film. This dependence is plotted in Figure 4.50. In general it can 
be observed that for high values of holdup in the slug body, there exists a high holdup 
in the bubble section as well since low values of holdup in the liquid film with high 
values of holdup in the slug would provoke that the liquid slug transfer liquid to the 
film and therefore slug disapear. 
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Figure 4.50 Liquid holdup in the slug compared with the liquid holdup in the liquid film for 
USL=0.7 m/s. 
 
 
4.8.2     Slug length  
 
Another primary variable in slug flow modelling is the slug length, LS. Frequency and 
slug length are two quantities that are strongly interrelated. First in Figure 4.51, we 
present the behaviour of the ratio ls/lf as a function of the gas superficial velocity for 
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different angles of inclination, calculated from equation (4.21). It is observed that ls/lf 
decreases as it is expected. It seems to tend to zero as USG gets bigger. 
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Figure 4.51 ls/lf ratio as a function of the gas superficial velocity for different inclination 
angles.  USL=0.73 m/s. 
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The slug unit length, which is in turn the sum of slug and film lengths 
 
LLL bsu                                                      (4.19) 
 
is determined by multiplying the residence time of the slug unit in the distance 
between the capacitance probes by the structure velocity. The length of a slug unit is 
 
     
s
b
u f
UL                                                          (4.20) 
 
In Figure 4.52 it can be observed that the length of the slug unit in general increase 
with the gas superficial velocity. For convenience, a dimensionless length is 
introduced, which is defined as the ratio of liquid slug length over test pipe diameter.  
And it appears to be shorter when pipe inclination is increased. 
 
By combining the values obtained with equation (4.19) and (4.20), the slug and bubble 
lengths are can be determined as well. They are given by: 
 
1/  LL
LL
fs
u
f                                                      (4.21) 
 
LLL fus                                                        (4.22) 
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Figure 4.52 Slug unit length as a function of the gas superficial velocity for USL=0.7 m/s and 
different inclination angles. 
 
 
The dimensionless liquid slug length exhibits an unclear function of the slug unit 
length and other variables, however average liquid slug lengths were in the order of 10 
to 30 pipe diameters, and relatively independent of flow conditions.  
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Figure 4.53 Slug length as a function of the total slug unit length for USL=0.73 m/s and 
different inclination angles. 
 
On the other hand, the liquid film length follows a nearly linear relationship with the 
total slug unit length, which means that the liquid film is the main component of the 
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slug unit since they appear to have nearly the same length specially for small pipe 
inclinations where it becomes bigger. 
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Figure 4.54 Liquid film length as a function of the total slug unit length for USL=0.73 m/s and 
different inclination angles. 
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From Figure 4.55, it can be observed that in general the slug length tends to decrease 
as the frequency increases. 
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Figure 4.55 Liquid slug length as a function of the frequency for USL=0.73 m/s and different 
inclination angles. 
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4.9     Effect of Liquid flow rate 
In the first campaign of experiments, high aerated slugs and churn flow were observed 
due to the low liquid flow rate used. It was then motivating to see what changes in the 
flow regime and flow parameters could be observed by increasing the liquid flow rate. 
The liquid flow rate was increased by using a bigger pump, that could deliver 50 l/min 
for this system, which in turn gives a liquid superficial velocity of 0.73 m/s, and 
another set of experiments was performed. In Figure 4.56, a typical example of the 
effect of liquid flow rate is illustrated by means of the time series, PDF and PSD.  
 
0 5 10 15 20
0
0.5
1
Time (s)
Li
qu
id
 
H
ol
du
p 
0 0.5 1
0
2
4
6
Liquid Holdup
PD
F 
(%
) 
0 1 2 3
0
2
4
6
Frequency (Hz)
PS
D 
0 5 10 15 20
0
0.5
1
Time (s)
Li
qu
id
 
H
ol
du
p 
0 0.5 1
0
5
10
15
Liquid Holdup
PD
F 
(%
) 
0 1 2 3
0
2
4
6
Frequency (Hz)
PS
D 
 
 
Figure 4.56 Effect of increasing the liquid flow rate at USG=2.9 m/s in horizontal. Column the 
left corresponds to USL=0.2 m/s. Column on the right corresponds to USL=0.7m/s. 
 
What can be observed in Figure 4.56 is that the flow pattern changes from waves to 
slug flow, the liquid holdup and frequency were significantly increased for some cases 
like in this example; this can be seen directly from the comparison of the two cases in 
terms of the time series and also from the PDF and PSDs graphs. 
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Dukler and Hubbard (1975) have shown that the length of a stable liquid slug is only a 
function of the pipe diameter and is generally in the range of 12 to 30 pipe diameters, 
which is in agreement with the present work. Therefore, based on this assumption, the 
addition of extra liquid, by increasing the liquid superficial velocity, cannot be 
transferred into the slug body because of this known finite length. Also, the gas-
pocket region and the associated stratified liquid layer must remain constant at the 
equilibrium level, otherwise decay or formation of slugs would happen. Thus, in order 
to accommodate this new material slugs are formed more frequently. This has the 
effect of increasing the overall liquid holdup in the pipe as well as the pressure drop.  
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Figure 4.57 Liquid holdup as a function of the inclination angle. a)USG=0.15 m/s, b) USG=0.9 
m/s, c) USG=1.5 m/s, d) USG=2.9 m/s. 
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For steep inclinations, the liquid holdup does not change as much as for low 
inclination angles. However, as mentioned before, the frequency is significantly 
affected by the change in the liquid flow rate. In Figure 4.58, values of frequency are 
plotted as function of the pipe inclination angle, the biggest increase is found for the 
case of Usg= 0.9 m/s, it can also be seen that frequency reaches its maximum value at 
a pipe inclination angle of about 60q . 
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Figure 4.58 Frequency as a function of the inclination angle. a)USG=0.15 m/s, b) USG=0.9 m/s, 
c) USG=1.5 m/s, d) USG=2.9 m/s. 
 
Regarding the pressure drop, the data are plotted in the Figure 4.59 below. These 
results indicate that the pressure drop is proportional to the liquid holup as it has been 
stated previously (section 4.6). The biggest effect of increasing the liquid flow rate is 
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observed at higher values of gas superficial velocity and so does it happen for the 
liquid holdup plotted in Figure 4.57 above. 
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Figure 4.59 Pressure drop a function of the inclination angle. a)USG=0.15 m/s, b) USG=0.9 
m/s, c) USG=1.5 m/s, d) USG=2.9 m/s. 
 
 
It is worth noting that the slugs travel faster than the waves as can be seen in the 
Figure 4.60 where the time it takes for the slugs to travel from one probe to the other 
is shorter than for the waves.  
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Figure 4.60 Structure velocity as a function of the inclination angle. a)USG=0.15 m/s, b) 
USG=0.9 m/s, c) USG=1.5 m/s, d) USG=2.9 m/s. 
 
 
 
4.10     Flow development between the two probes 
In this section we will take a look at the flow development from one probe to another. 
First a comparison of the average values of liquid holdup are plotted for both probes 
and then the PDF are presented for a typical pair of signals. It can be seen that both 
probes provide a fairly similar average liquid holdup; this is a good indication of the 
development of the flow. 
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Figure 4.61 Comparison of the average liquid holdup between the two capacitance probes. 
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Figure 4.62 Typical comparison of the time series, PDF and PSD for liquid holdup between 
the two capacitance probes. 
 
4.11     Summary  
In this chapter experimental data obtained with a 38 mm diamer pipe have been 
presented. In these experiments the inclination angle has been varied for a wide range 
of flow conditions. In the first stage, visualisation of the flow patterns was carried out 
and flow patterns were identified on the flow pattern map. The experimental data 
include liquid holdup, frequency, pressure drop, structure velocity, estimation of 
characteristic parameters of slug flow from the PDF plot and finally the effect of 
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increasing the liquid flow rate was studied. In this section a summary of the key 
findings will be made. 
x It has been shown that intermittent flow exists as the dominant flow pattern in 
upward inclined flow. 
 
x For a constant liquid superficial velocity, the average liquid holdup decreases 
when the gas velocity is increased. For downwards, stratified flow is the main 
flow pattern observed and the liquid holdup becomes independent of the gas 
superficial velocity over the range of gas flow rate employed, as the phases 
flow with little interaction, but holdup is a function of the liquid flow rate.  
 
x  In uphill flow, the pipe inclination has just a slight effect on the liquid holdup.  
The liquid holdup increased slightly for the higher inclination angles.  
 
x Unlike the liquid hold up, the frequency is strongly affected by the inclination 
angle. At low gas superficial velocities, the frequency depends on the 
inclination angle in such a way that it tends to have a maximum at about 50 
degrees. For high mixture velocities, the more deviated from horizontal, the 
higher the frequency. 
 
x In slug flow the expected linear dependence of the structure velocity on the 
mixture velocity has been found. 
 
x The liquid holdup in the liquid slug body appears to decrease with the gas 
superficial velocity and slightly with pipe inclination. 
 
x Average slug lengths were in the order of 10 to 30 pipe diameters, and 
relatively independent of flow conditions. The slug length tends to decrease as 
the frequency increases and also with the inclination angle. 
 
x The frequency is significantly affected by the change in the liquid flow rate. 
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Experimental data obtained in a 38 mm pipe were presented in Chapter 4 as well as in 
Hernández-Pérez and Azzopardi (2006), covering a wide range of flow rates and 
inclination angles. However it is a well known fact that two-phase mixtures may exist 
in a variety of sizes of pipe work throughout a wide range of industrial applications, 
such as in chemical, power, oil/gas production and oil refining plants. As reported by 
several authors, including Singh and Griffith (1970), Andreussi and Bendiksen (1989), 
Jepson and Taylor (1993), Shemer et al. (2004) and more recently Kaji et al. (2007), 
among others, different pipe diameters might have different effect on the flow 
behaviour, since flow instabilities resulting from pressure and/or temperature 
fluctuations may cause the mixture to arrange itself into different and unpredictable 
flow regimes. It is therefore important to study the flow behaviour in more than one 
pipe diameter.  
 
In this chapter the effect of pipe diameter on inclined gas-liquid flow is studied by 
using the data of the measurements carried out in a 67 mm pipe along with 38 mm 
pipe data. Additional data from other references have been used where appropriate to 
compare, clarify and expand the knowledge of the complex behaviour of the flow. The 
experimental arrangement was described in Chapter 3 and the experiments were 
performed at ambient conditions of pressure and temperature in an analogous way as 
those presented in Chapter 4, similar processing for the data was performed as well. 
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Therefore, this chapter will focus on discussing the most relevant results that were 
found, mostly in the form of a comparison with respect to 38 mm results of Chapter 4 
so that the effect of pipe diameter can also be observed.  The following aspects of the 
flow behaviour will be covered:  liquid holdup, pressure drop, structure velocity, 
frequency, flow pattern map, estimation of characteristic parameters of slug flow from 
the PDF plot (holdup in the liquid slug body and slug length), since it remains unclear 
how these parameters are affected by the pipe diameter and finally a summary will be 
drawn.  A total of 160 experiments were carried out for several inclination angles 
within the range of -5q to 90q (with respect to the horizontal) and most of them with 
the same inlet flow conditions as those in 38 mm pipe. The full test matrix is given in 
appendix A.  
 
5.1     Liquid holdup 
Liquid holdup is a critical unknown parameter involved in predicting pressure loss and 
heat transfer in a multiphase system. In this section, the effect of the pipe diameter on 
the liquid holdup is analysed.  In doing so we compare the liquid holdup obtained with 
both pipe diameters, namely 38 mm and 67 mm. In addition the correlations of Beggs 
and Brill (1973),   Mattar and Gregory (1974)  and Hasan and Kabir (1988) are plotted 
along with the experimental data. The main feature of these correlations is that they 
aim to deal with inclined flow. The liquid holdup is directly obtained as raw data with 
the capacitance probes in the form of time series. A direct visual comparison between 
the time series of the 38mm and 67 mm pipes (Figure 5.1) presumes that they are 
quite similar. However, time series analysis used in the following sections reveals that 
differences in the respective parameters might exist.  
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Figure 5.1 Effect of pipe diameter on time series obtained from the liquid holdup.  90q 
inclination; x-axis, time (s); y-axis, Liquid holdup 
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Analysis of the data from the time series, involving the average holdup, Probability 
density function, and Power Spectral Density (PSD), is performed and comparisons 
are made. A typical example of these comparisons is shown in Figure 5.2. For this 
case, a fraction of the time series has been plotted. The average liquid holdup is fairly 
similar, the liquid slug looks more aerated for the bigger pipe diameter and the 
fluctuation amplitude is wider for the smaller pipe diameter. The reason for that 
difference could be that for this case, slug flow is obtained for 38 mm pipe but not for 
67 mm, which can be deduced from the PDF plot shown in the same figure.  
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Figure 5.2 Effect of pipe diameter on time series, Probability Density Function and Power 
Spectral Density obtained from the liquid holdup for 90q inclination and superficial velocities 
(m/s): liquid=0.7 m/s and gas=2.9 m/s 
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The holdup average values for different inclination angles and gas superficial 
velocities are plotted below in Figures 5.3 and 5.4. For the USL=0.2 m/s, no effect of 
the pipe diameter is identified over the range of gas flow rate employed. This happens 
for all inclination angles shown in this figure.  
 
A comparison with the correlation of Beggs and Brill (1973) using both pipe 
diameters shows that in general it under predicts the data and also it suggests that the 
effect of pipe diameter is from minimal to non existent, in spite of the fact that their 
holdup correlation is based on the Froude number (Frm=Um2/gd) and they have used 
38 mm pipe in their study. The two curves obtained with this correlation 
corresponding to 38 mm and 67 mm overlap and they are indistinguishable from each 
other in both Figure 5.3 and Figure 5.4.  
 
On the other hand, Mattar and Gregory (1974) did not consider the pipe diameter at all 
in their model for liquid holdup, although it is originally developed for low inclination 
angles from the horizontal, this is a very simple model that gives good predictions for 
a wide range of inclinations as can be observed in Figures 5.3 and 5.4. In fact the 
Mattar and Gregory (1974) model is just a version of the drift flux model (Zuber and 
Findlay (1965) and Wallis (1969)) with the values of C0=1.3 and Ud=0.7. This semi-
empirical model seems to have some physical basis though.  
 
Further modifications to the drift flux model have been made by other authors most 
notably by Hasan and Kabir (1988) proposing different values for the drift velocity for 
different inclination angles based on a balance of the forces experienced by a rising 
bubble and using a flow pattern approach. However they do not improve the liquid 
holdup prediction when testing with the data from this work as can be seen in Figures 
5.3 and 5.4. 
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Figure 5.3 Liquid holdup results for USL=0.2 m/s and several inclination angles 
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When the liquid superficial velocity is increased up to 0.7 m/s (Figure 5.4), and for the 
range of gas superficial velocity taken, the experimental results show that the liquid 
holdup is slightly greater for the bigger pipe diameter, particularly for the inclinations 
close to vertical. The most physically based explanation is that the liquid holdup 
depends on the flow pattern, since for different flow patterns the two phases will 
arrange and travel at different velocities; it is obvious that the liquid holdups will be 
different.  
 
When two phases flow through the same pipe, the gas usually flows faster than the 
liquid. In addition, as the diameter increases, it takes longer to form a Taylor bubble 
that is big enough to block the pipe, therefore the liquid is not forced by the gas to 
travel as fast as the mixture velocity, it tends to accumulate in the pipe and reduces the 
cross-sectional area available for the gas to flow, as a result the liquid holdup is 
bigger.  
 
The finding that the liquid holdup is slightly higher for the bigger diameter pipe is in 
agreement with Singh and Griffith (1970) who found that the for a fixed flow 
condition and inclination angle, the gravitational pressure gradient increases as the 
pipe  diameter increases, which implies an increase in the liquid holdup, see Section 
5.2 for pressure gradient. 
 
The increase in the pipe diameter increases the liquid holdup but it seems to depend 
on the flow conditions and since the liquid holdup is a very fundamental parameter in 
describing multiphase flow, it is expected that a change in the liquid holdup will be 
reflected on other parameters such as the pressure drop and the slug frequency which 
will be discussed in the following sections.  
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Figure 5.4 Liquid holdup results, USL=0.7 m/s and several inclination angles 
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5.2     Pressure gradient 
The diversity of techniques used by different authors to present the two-phase flow 
pressure drop (Baker (1957), Griffith and Wallis (1961), Bonnecaze et al. (1971), 
Grescovich and Shrier (1971), Chen and Speding (1981), Jepson and Taylor (1993)) 
indicates, among other things, that pressure drop in two-phase flow can depend on a 
significant number of variables where the conduit diameter is of no less importance.  
 
In this work, time series of pressure gradient were obtained directly with the DP cell 
(see Chapter 3). In general, it has been found that the time series for pressure drop in 
the two pipes are similar. For the particular situation illustrated in Figure 5.5, it can be 
observed that the fluctuations in the pressure gradient are comparable but the average 
value is higher for the 67 mm pipe. 
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Figure 5.5 Comparison of time series, Probability density Function and  Power Spectral 
Density obtained from the pressure gradient for 38 and 67 mm diameter pipes respectively. 
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Due to the separation distance between the two pressure tapings (which means that the 
pressure gradient is averaged over this distance) fluctuations produced by the liquid 
slugs are not clearly observed, the shape of the PDF consists of one single peak and 
the PSD frequency does not match the frequency value from the liquid holdup (see 
also Figure 4.37 where a comparison was made). 
 
Average pressure gradient is shown in Figures 5.6 and 5.7. As it is expected, a similar 
behaviour to that observed in the liquid holdup occurs with the pressure drop, since 
the hydrostatic pressure is the main contribution to the pressure drop even though 
frictional component of the total pressure drop might decrease with the bigger 
diameter. This observation is consistent for all the measurements in all inclination 
angles particularly for big inclinations (>30q) as shown below. 
 
The major difference between the two pressure gradients between the two pipe 
diameters seems to occur for 0.7 m/s liquid superficial velocity around a value of 1.5 
m/s for the gas superficial velocity. This value of gas superficial velocity where the 
maximum difference of pressure gradient between the two pipes takes place is 
different from the corresponding one for liquid holdup difference; for the holdup the 
difference is kept constant for all conditions whereas in the pressure gradient, we can 
observe that further increase in the gas flow rate will make the pressure gradient for 
the two pipes equal. This implies that the frictional component increases. 
 
There has been little work reported in which two-phase pressure drop is treated as a 
topic unique in itself, Spedding et al. (1982) is perhaps one of the most extensive. 
Most models found today are applicable, if not actually derived for, a specific flow 
pattern or regime, for instance Hasan and Kabir (1988).   
 
The effect of pipe diameter on pressure drop has been studied by Singh and Griffith 
(1970), they investigated slug flow in small inclination angles from the horizontal and 
interestingly found that an optimum pipe size existed, for constant flow rate of the 
fluid at which the total pressure drop was a minimum. They pointed that the same 
feature was apparent in the vertical upward flow data of Govier et al. (1957) and 
Govier and Short (1958).  
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In Figure 5.6, a comparison is made between some of  the data of Singh and Griffith 
(1970) and the present work for an inclination angle of 5 q and the flow conditions 
specified, which differ slightly. However, the agreement is good. Furthermore, this 
comparison clearly illustrates the effect of pipe diameter on the pressure gradient over 
a wider range. Figure 5.6 also suggest that an optimum pipe diameter is about 35 mm 
for this flow condition and inclination angle. 
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         a)                                                                      b) 
Figure 5.6 Pressure gradient behaviour as a function of the pipe diameter at 5 degrees 
inclination:  a) USL=0.2 m/s and b) QG§ ft3/s 
 
The basic reason for this effect is that, for given flow conditions, the relative 
contribution to the total pressure drop due to elevation increases with pipe size, while 
the frictional pressure drop contribution does the contrary. The pressure loss of a fluid 
flowing through a pipe is inversely proportional to the fifth power of the pipe 
diameter, Baker (1954). The accumulated liquid in the pipe has a similar effect to that 
reducing the pipe diameter. 
 
Further comparisons of the present work is performed against the correlation of Beggs 
and Brill (1973) and Mattar and Gregory (1974)  in Figures 5.7 and 5.8, it can be 
deduced that the first one performs better for some conditions. However it is not clear 
under which conditions this correlation will give the best predictions. 
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Figure 5.7 Pressure gradient, USL=0.2 m/s and several inclination angles 
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Figure 5.8 Pressure gradient, USL=0.7 m/s and different inclination angles 
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5.3     Structure velocity 
By following the procedure explained in Section 4.6, the structure velocity was 
calculated for all the experiments and the results are presented below in Figures 5.9 
and 5.10.  
 
It has been found that increasing the pipe diameter results in an increase of the 
translational velocity. Even though it is what is expected due to the fact that the 
equations for the calculation of the drift velocity, such as Bendiksen (1984) and 
Weber (1981), suggest that this parameter increases with the pipe diameter, the 
difference is quite big compared to what the equations suggest. Indeed, we plotted the 
Bendiksen (1984) correlation (equation (2.59)) along with the data and the difference 
can be seen. In this equation, the value of 1.2 for the parameter C0, makes the 
estimation of the velocity simple. Both Hasan and Kabir (1988) and  Kaya et al. 
(2001) have used this value, however, the data supporting a constant value of 1.2 for 
all inclinations are limited. In the present work, the value of 1.2 has been found to be 
right but not necessarily for the drift velocity. 
 
In this work, the drift velocity has been found to be higher than the predictions of 
Bendiksen (1984) and Hasan and Kabir (1988), figure 4.43. Van Hout et al. (2002) 
have suggested that drift velocity in stagnant liquid is different from the drift velocity 
in continuous slug due to the contribution of the small bubbles in the liquid slug. 
Since we are working with continuous slug flow, the higher drift velocity obtained can 
be associated with the dispersed bubbles contribution. 
 
For the liquid superficial velocity 0.7 m/s, the cross correlation for the first conditions 
(at low gas superficial velocities) was not very good, as a consequence, it was not 
possible to calculate the structure velocity, observation showed however that small gas 
pockets appeared already.  This particular behaviour of the correlation between the 
two signals for these flow conditions can be related to the change in flow pattern. The 
difference in the values of structure velocity between the two pipes is smaller when 
the liquid is increased, this might be due to the fact that the holdup in the liquid slug 
body increases as is shown in Section 5.6. 
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Figure 5.9 Structure velocity, USL=0.2 m/s and different inclination angles 
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Figure 5.10 Structure velocity, USL=0.7 m/s and different inclination angles 
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5.4     Frequency 
Knowledge of slugging frequency is required as an input variable in many mechanistic 
models such as those of Dukler and Hubbard (1975) and Cook and Behnia (2000) and 
is relied upon for the design of separator vessels, Wren et al. (2005). In this work, the 
frequency was determined as described in Section 4.5 and the results are plotted in 
Figures 5.13 and 5.14. It is in general affected by several parameters as described 
below. 
 
For USL=0.2 m/s and the gas flow rates considered in this work, the frequency remains 
fairly constant for the horizontal case, the data for both pipes are overlapped. For the 
other inclinations, the tendency is not very clear at low values of USG but after USG=1 
m/s seems to follow the slug frequency tendency found by other researchers such as 
Hubbard and Dukler (1966) and Gregory and Scott (1969), and the frequency does not 
change with the pipe diameter clearly.  The biggest variation is found at the vertical 
position where it is clear that the frequency for 67mm pipe is bigger. This could be 
due to a combined effect of holdup and flow pattern.  
 
In addition, it has been noted that at low gas superficial velocities, particularly for the 
0.7 m/s liquid superficial velocity, there is some uncertainty about the values of the 
frequency. Indeed, the Power Spectral Density for those conditions is very small and 
there are several peaks on the PSD plot, see Figure 5.11 where the for the condition of 
USL= 0.73 m/s and USG=0.15 m/s the PSD is at least one order of magnitude lower 
with respect to the other conditions. For these cases it is not easy to determine the 
frequency and the final values chosen are based on the assumption that if we reduce 
the gas superficial velocity to zero, then the frequency would decrease to zero. 
 
Also, as the gas superficial velocity approaches zero, bubbly flow exists and therefore 
the fluctuations are weaker over a wider range of frequencies. 
 
For USL= 0.73 m/s, the frequency starts from a value of about 1 Hz for the lowest gas 
flow rate and then it grows very quickly, to a maximum as for this conditions bubble 
slug transition is passed and then it decreases gradually. For the horizontal case the 
behaviour is a bit different; for the 38mm pipe slug flow is obtained for all conditions, 
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having a frequency around 1 Hz whereas in 67 mm the flow starts with stratified flow, 
where the frequency is 0 Hz and then changes to slug with an increase in the 
frequency.  
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Figure 5.11 Frequency for liquid superficial velocity 0.7 m/s and 80 degrees inclination in the 
67 mm pipe. 
 
The literature (Section 2.5.4) reveals that slug frequency data have been reported by 
several authors as well as correlations and a comprehensive comparison of 
correlations for slug frequency has been made in section 4.5, and a wide disagreement 
with the present data was found. Particularly for inclined flow, which is expected from 
the fact that none of the correlations for slug frequency found in the literature (except 
Zabaras (1999) for small inclination angles from the horizontal) take into 
consideration the effect of inclination  angle. However, all of them agree that as the 
pipe diameter increases, the frequency decreases. Comparatively little has been 
reported on slug frequency data in inclined pipes, Van Hout et al. (2003) reported data 
on slug frequency for inclined flow but no model or correlation was proposed, their 
data exhibit a tendency similar to the one found in the present work (Figure 4.24) 
though their superficial velocities are lower.  
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Examination of the frequency shows that it is strongly affected by the inclination 
angle as has been shown in Figure 4.24, therefore in this section, a correlation has 
been suggested to take into account the effect of inclination on the slug frequency 
from horizontal to vertical. Following a similar approach as that of Bendiksen (1984) 
and Malnes (1983) for drift velocity in inclined pipes, we correlate the slug frequency 
for inclined pipes from horizontal to vertical by using a linear combination of both 
horizontal and vertical frequencies.  
 
Since the frequency and the velocity magnitude are directly proportional parameters, 
they are affected by the inclination angle in the same way.  Similar to the velocity, for 
a particular inclination angle, the frequency can be multiplied by unity and apply the 
trigonometric relation 1sincos 22   TT  in order to be expressed as in equation (5.1). 
 
TTTT sin)sin(cos)cos( fff                                   (5.1) 
 
In addition it must satisfy the conditions that  
 
hff   )0( DT                                                      (5.2) 
And 
vff   )90( DT                                                     (5.3) 
 
Where fh and fv are the frequencies for horizontal and vertical inclinations 
respectively, therefore 
TT sincos fff vh                                       (5.4)   
            
At this point we realise that there is no slug frequency correlation developed 
exclusively for the vertical case in the literature. By taking a look at Figure 5.13, it can 
be easily recognised that under the same flow conditions, frequencies in vertical flow 
are quite different from those in horizontal and as can be seen, literature correlations 
fail to predict the slug frequency for inclinations other than horizontal. Therefore the 
first step is to develop a correlation for vertical flow. Similarly to Manolis et al. 
(1995), Zabaras (1999) and Wren et al. (2005), we develop the correlation based on a 
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modification to the Gregory and Scott (1969) to adapt it to the vertical frequency data, 
which are plotted in Figure 5.12 as a function of the Froude number. Wren et al. 
(2005) also compared data for 5, 19 and 35 mm pipe diameter in horizontal and 
showed a nonlinear decrease of frequency with increase in pipe diameter. 
 
Gregory and Scott (1969) correlation for frequency is given by 
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Examination of the present data in Figure 5.12 (from both 38 and 67 mm pipes) 
showed that for the vertical case, the more suitable values of the power and pre-
constant were 0.2528 and 0.8428 respectively. This yields a new correlation for slug 
frequency in vertical pipes, which predicts considerably better than the correlations of 
the literature:  
 
»¼
º«¬
ª
¹¸
·
©¨
§  U m
U mgd
U
.=f
SL
v
75.1984280
25.0
                                           (5.6) 
 
10
0
10
1
10
2
10
-1
10
0
10
1
Slug Froude number
Sl
u
g 
fre
qu
e
n
cy
 
(H
z)
 
 
Figure 5.12 Slug frequency vs. slug Froude  number for vertical flow including data from 
both 38 and 67 mm pipes. 
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The comparison between the values predicted by the correlations suggested by 
equations (5.4) and (5.5) and the experimental data gives a good agreement as can be 
seen in Figures 5.13 and 5.14. It seems that the  effect of the pipe diameter on the 
frequency is that when increasing the pipe diameter, the frequency reaches its 
maximum at a steeper inclination angle; in Figures 5.13 and 5.14 it can be observed 
that the frequency has its maximum value at 60 degrees for 38mm and 80 degrees for 
67 mm.   
 
Further examination of Figures 5.13 and 5.14, shows that increasing the liquid 
superficial velocity from 0.2 to 0.7 m/s has a big effect on the frequency in horizontal 
but not in vertical. In vertical even if the liquid superficial velocity is zero, we could 
have an intermittent flow with an associated frequency. This suggests that the 
frequency depends on the liquid holdup rather than USL. 
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Figure 5.13 Frequency results, USL=0.2 m/s and several inclination angles 
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Figure 5.14 Frequency, USL=0.7 m/s and several inclination angles 
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5.5     Flow pattern map 
Knowledge and possible identification of the flow regime of an approaching gas-
liquid mixture is crucial in the operation of many pieces of plant equipment. Having 
presented and compared the data for liquid holdup, pressure drop, frequency, structure 
velocity in the 67 mm pipe, it is possible that whenever some small differences are 
observed when comparing the two pipe diameters, they are related to the flow pattern. 
Therefore the different flow behaviour for different pipe diameter can help to identify 
the change in the flow pattern with the pipe diameter. In practice however is difficult 
to identify the flow pattern since the transitions happen gradually. 
 
In Figure 5.15 a set of PDF plots is presented. The liquid superficial velocity has been 
kept constant and the flow pattern can be deduced to be somehow intermittent from 
the shape of the PDFs for all the cases. However it is clear that a well defined second 
peak appears at lower gas superficial velocities for the smaller diameter pipe (38 mm). 
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Figure 5.15 Probability Density Function (PDF) for USL=0.7 m/s and several gas superficial 
velocities at 60 q.   
 
The behaviour illustrated in Figure 5.15 is consistent for all inclinations angles and the 
general effect of pipe diameter was that as diameter was increased from 38 to 67 mm, 
the bubbly-slug boundary moved to the right hand side on the flow pattern map in 
inclined flow. This is predicted well by the bubble-slug Taitel et al. (1980) transition 
in the flow pattern map expanded for all inclinations angles by Barnea (1987) as 
shown in Figure 5.16. For horizontal and inclined downwards flow in 67 mm pipe, 
slug flow is more difficult to achieve than in 38mm pipe, since it is more difficult for 
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the liquid to reach the top of the pipe to block the cross section area. Therefore the 
boundary between stratified and slug flow is in this case moved up. Finally a 
compacted representation of these conditions is given in the flow pattern maps of 
Figure 5.16 for different inclination angles. 
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Figure 5.16 Flow pattern maps for different inclination angles, 67 mm pipe. Barnea (1987).  
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5.6    Liquid holdup in the slug 
Another important parameter of slug flow that is required for input of mechanistic 
models is the liquid holdup in the slug body; this parameter has been calculated from 
the PDF of the liquid holdup time series as shown in Section 4.8. Figure 5.17 and 5.18 
present the results for liquid holdup in the liquid slug body for different inclination 
angles, within the same figure, additional data taken from Nydal (1991) for different 
inclination angles (31 mm diameter) and Jepson and Taylor (1993) in horizontal flow 
(306 mm diameter) have been included in order to compare. The flow conditions have 
been chosen to match the ones used in the present work and they show good 
agreement. 
 
 The correlation of Gregory et al. (1978), which is independent of the pipe diameter 
and inclination angle, is also included in this comparison. The purely empirical 
approach of this correlation suggests limits in its generality. Compared with the 
present work, this correlation performs better for low inclination angles where the 
agreement with the present data is quite close, as well as for the highest liquid 
superficial velocity (USL=0.7 m/s) 
 
In addition the correlation of Gomez et al. (2000) has been evaluated at the 
experimental conditions of the present work, it takes into account the effect of 
inclination and pipe diameter, however it does not produce satisfactory predictions; 
the predictions are too low. 
 
The liquid holdup in the slug body appears to decrease with the gas superficial 
velocity (as expected) and slightly with pipe inclination, and more importantly it is 
observed to decrease slightly with the increase in the pipe diameter. Reasons for the 
holdup in the liquid slug body to be affected by the pipe diameter in such a way that it 
decreases for the bigger diameter are associated with the fact that the more turbulent 
flow in the bigger pipe induces more bubble entrainment in the slug body.  Also, the 
pipe diameter seems to have more effect at higher gas superficial velocities. This 
tendency is in agreement with Andreussi and Bendiksen (1989) who used 50 and 90 
mm pipes. At some conditons, PDF method is not accurate since the peaks in the 
histogram are not well defined due to the presence of waves. 
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Figure 5.17 Liquid holdups in the slug for different inclination angles. USL= 0.2 m/s 
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Figure 5.18 Liquid holdups in the slug for different inclination angles, USL= 0.7 m/s 
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5.7     Slug length 
In order to calculate pressure drop in slug flow mechanistic models, it is necessary to 
know either the frequency or the slug length. Slug length will influence the size of 
downstream equipment used in a production facility.  In fact some researchers such as 
Malnes (1983) think of the slug length as a more fundamental parameter than the 
frequency due to the fact that dimensionless slug length is expected to remain fairly 
constant for developed slug flow. 
 
In this section the slug length has been calculated as done in Section 4.8. Also since 
we are calculating the slug length based on the frequency, it is obvious that we obtain 
the relationship between these parameters or between the slug length and the 
traslational velocity that was observed by Gregory and Scott (1969).  
 
Since the main characteristics of gas-liquid slug flow are intermittency and 
irregularity, it is not a surprise to observe that the dimensionless liquid slug length 
exhibits an unclear function of the slug unit length and other variables, however as can 
be seen in Figures 5.19 to 5.22. Average slug lengths were in the order of 10 to 30 
pipe diameters, and relatively independent of flow conditions. This is in agreement 
with other authors such as Dukler and Hubbard (1975), Taitel and Dukler (1977) for 
horizontal flow.  
 
In Section 4.8, it was pointed out that slug length is also observed to change with the 
inclination angle. By looking at Figure 5.19, we can observe that slug length is bigger 
for horizontal flow than for vertical and intermediate values happen for other 
inclinations. For vertical flows Moissis and Griffith (1962) found  the minimum stable 
slug length was about 8±16 d. Values for the minimum stable slug length obtained by 
Van Hout et al. (2003) in vertical and inclined flow are in the range of 10 pipe 
diameters. 
 
Correlations for slug length and frequency are uncertain. In fact, not many models or 
correlations for slug length can be found in the literature review. Figures 5.21 and 
5.22 show that the slug length remains fairly constant, whereas the bubble length and 
the total slug unit length increases with the gas superficial velocity.  
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Figure 5.19 Slug lengths as a function of the gas superficial velocity. 67 mm pipe and 
USL=0.2 m/s 
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Figure 5.20 Slug lengths as a function of the gas superficial velocity. 67 mm pipe and 
USL=0.7 m/s. 
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The total slug unit length increases linearly with the gas superficial velocity. But it can 
be observed that it gets shorter when the liquid superficial velocity is increased from 
0.2 to 0.7 m/s, this is due to the fact that the frequency of slugging gets bigger when 
the gas liquid velocity is increased. This happens in both pipes.  
 
In Figures 5.19 to 5.22, the absolute values of total and slug liquid lengths are plotted. 
Both the liquid slug and total slug unit lengths are comparable. This implies that in 
dimensionless form slugs are longer for the 38 mm pipe. That means that the slug 
length is not linearly proportional to the pipe diameter. 
 
It is interesting to note that the frequency and length are inversely proportional to each 
other.  Even if we do not directly plot the slug length as a function of the inclination 
angle, by taking a look at the set of subplots in Figures 5.19 to 5.22 it can be seen that, 
the total slug unit take its highest values at low inclination angles such as horizontal 
and 5 degrees and the lowest ones are about 60 and possibly 80 degrees inclination. 
 
By increasing the gas superficial velocity, there seems to be a tendency for the slug 
length, to increase this should be due to the entrainment of small bubbles. The total 
slug unit length seems to increase, since it depends on both the structure velocity and 
the frequency.  
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Figure 5.21 Slug unit length as a function of the gas superficial velocity. 67 mm pipe and 
USL=0.2 m/s. 
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Figure 5.22 Slug unit length as a function of the gas superficial velocity. 67 mm pipe and 
USL=0.7 m/s. 
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5.8     Validation of the capacitance probes with Wire-Mesh 
Sensor 
In order to validate the data obtained with the capacitance probes, a comparison was 
performed between the capacitance probes and a Wire-mesh sensor. The sensor 
consists of two electrode grids with 24 electrodes each, placed at an axial distance of 
1.5 mm behind each other. Its function is based on the measurement of the local 
instantaneous conductivity of the two-phase mixture. The conductivity is measured at 
the crossing points of the wires of the two grids. This results in 24x24 sensitive points, 
which are equally distributed over the cross section (Figure 5.22).  
 
 
 
Figure 5.23 Wire-mesh sensor (2x24 electrode wires). 
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electrode wires is used as transmitter, the other as receiver plane. A thorough 
description of the Wire-mesh sensor can be found in Prasser et al. (1998). In Figure 
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5.23 the comparison is presented, only the first probe is presented, the second probe is 
used mainly to determine the translational velocity by cross correlation with the first 
one. Even though there are some differences, the capacitance probes are good 
considering that they are much more simple devices. Based on this comparison, liquid 
holdup uncertainty is presented in appendix C.  
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Figure 5.24 Comparison of the average liquid holdup obtained with the capacitance probes 
and wire-mesh-sensor. 
 
 
The wire mesh sensor was used to take data for similar flow conditions and 
inclinations as the ones presented in the present chapter. These data are being 
processed and its analysis is suggested in section 7.2 as a recommendation for another 
future work. 
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5.9     Summary 
 
Experimental data have been presented in this chapter for a 67mm diameter pipe and 
compared with data obtained with a 38 mm pipe. In this section, a brief summary of 
the results discussed in this chapter will be made.  
 
For the range of flow conditions studied in the present work: It is an interesting 
finding to observe that at liquid superficial velocity of 0.2 m/s no effect of the pipe 
diameter on the average liquid holdup was observed, however when the liquid flow 
rate is increased to 0.7 m/s, the holdup tends to be slightly higher for the bigger pipe 
diameter. The same tendency occurs with the pressure gradient, since it strongly 
depends on the liquid holdup, particularly for steep inclination angles and lower gas 
flow rates. 
 
The structure velocity follows a linear trend as a function of the mixture velocity for 
both pipes, but it is higher for the bigger pipe diameter. This due to the fact that as 
found by Van Hout et al. (2002), the drift velocity for continuous slug flow is 
enhanced by the dispersed bubbles in the liquid slug body. These dispersed bubbles 
contribute to the drift velocity by coalescing with the elongated bubble at its nose. 
Therefore, the drift velocity contribution calculated assuming stagnant liquid is very 
small compared to the discrepancies found.  
 
In most cases no effect of the pipe diameter on the frequency was observed, it is with 
USL= 0.2 m/s and inclination angles close to vertical when the frequency for the bigger 
diameter pipe was higher. Frequency behaviour is slightly disturbed at low gas 
superficial velocities, however by increasing the gas superficial velocity at some point 
the frequency is fairly the same for both pipe diameters and follows the same 
tendency. Frequency values have been calculated for all the conditions, however not 
all of them might correspond to slug flow. A new correlation for slug frequency has 
been developed for vertical flow and it has been extended to cover inclination angles 
from 0 to 90 degrees 
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For a fixed flow condition, an increase in pipe diameter increases the turbulence of the 
flow. This in turn produces bubble breakup and therefore it takes a higher gas flow 
rate to form a gas pocket, for slug flow. As a result more dispersed bubbles will be 
present within the liquid slug body for the bigger pipe diameter. The liquid slug length 
does not appear to be  affected by the pipe diameter. In general, the liquid slug length 
remains constant with the pipe diameter in absolute terms (m), but in dimensionless 
form there is more variation (10 to 20 pipe diameters for 67mm compared with 10 to 
30 pipe diameters for 38 mm). 
 
Since it is the structure velocity and the holdup in the liquid slug body that are more 
affected by the pipe diameter, it can be deduced that the increase in the slug length 
and structure velocity is due to a more aerated liquid slug. Another way to look at it is 
that in order to maintain continuity for the phases (liquid), faster slugs will contain 
more dispersed bubbles and they will  be longer.  
 
The liquid slug length is inversely proportional to the frequency and seems to have a 
minimum around 60q where the frequency has a maximum. The total slug unit length 
varies in a similar way with the inclination angle. 
 
Increase of pipe diameter displaces the bubbly-slug transition to the right hand side on 
the flow pattern map for inclined flow, and for horizontal stratified-slug transition is 
moved up. 
 
Increasing pipe diameter, from 38 to 67 mm, on the two-phase mixture behaviour has 
been found to have some influence, yet bigger changes in the pipe diameter can 
produce a more significant effect. 
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Chapter 6 
 
Modelling slug two-phase flow with 
CFD 
 
 
In the present work the hydrodynamics of slug two-phase flow has been simulated 
using Computational Fluid Dynamics. While gas-liquid flow behaviour, even in 
simple pipe geometries, is a very complex phenomenon to model, understanding the 
mechanisms governing co-current gas-liquid flow in inclined conduits is of great 
practical and industrial importance. However, the literature review reveals that no 
effort has been made (to the best of our knowledge) to arrive at a numerical modelling 
of continuous slug flow in inclined pipes. Most work has been directed to the motion 
of single Taylor bubble in vertical pipe, Mao and Dukler (1990), Clarke and Issa 
(1997), Brauner and Ullmann (2004), Ndinisa et al. (2005) and a few for horizontal 
flow, e.g., Frank (2005). Therefore the objective of this study involves both 
assessment of the capabilities of using CFD to simulate two-phase flow and its use to 
understand the flow by taking advantage of the capabilities of the numerical 
techniques to yield transient, 3D full volume information of the flow field for the two 
phases in slug flow regime.  
 
In this chapter, a description of the CFD model and the results obtained will be 
presented. The results presented here include the phase distribution, velocity field and 
pressure. In order for the simulation to be useful, the results that it yields must be a 
realistic representation of a fluid in motion. Therefore, the simulation was run under 
similar conditions as those used in the experiments so that a proper comparison 
between experiments and CFD results can be performed. The agreement is found to be 
qualitatively good though. 
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6.1 Description of the problem 
Before presenting the respective results in Section 6.2 some common generic features 
of the simulations will be stated in this section and the particular features for each 
individual case (inlet flow condition) will be revealed in the corresponding section. 
Several two-phase slug flow cases were simulated in this work using the commercial 
CFD code FLUENT 6.1 in order to solve the governing equations. The simulations 
were conducted on a Sun Microsystems Inc. server operating on UNIX Release 5.9 
operating system. Since the UNIX server was a machine shared by multiple users, the 
run times were different depending upon the amount of load on the machine at the 
time a particular run was conducted. Estimated run times are included Table 6.6. 
 
6.1.1     Geometry 
The experimental arrangements were described in detail in Chapter 3. The general 
geometry for the case studies modelled is illustrated in Figure 6.1; it consists of a 38 
mm internal diameter pipe and 6 m long. Two different cases were studied: a 
horizontal pipe and a pipe inclined at 45 degrees. The pipe axis is always aligned with 
the x axis and several measurements sections can be placed along the pipe. 
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Figure 6.1 Inclined pipes geometry and zones of the computational flow domain. 
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6.1.2     Flow Specification 
As it is done in the experimental work, the air and water flows are supplied at the inlet 
section of the computational flow domain (pipe), then the two-phase mixture flows 
along the pipe and is finally discharged through the outlet at atmospheric pressure. 
 
6.1.2.1  Fluid properties 
The relevant properties of the two fluids (air and water) used in the simulation are as 
given in Table 6.1. 
Table 6.1 Materials properties 
    
Fluid Density 
(kg/m3) 
Viscosity 
(kg/ms) 
Surface tension 
(N/m) 
Air 1.224 0.000018  
0.072 Water-liquid 999.98 0.001 
 
6.1.2.2 Boundary conditions 
The boundary conditions are specifications of flow properties on the computational 
domain boundaries. They are, therefore, a critical component of the CFD simulations 
in terms of representing the experimental configuration of the two-phase flow through 
the pipe. Hence the boundary conditions were chosen based on the experimental setup 
described in Chapter 3. These conditions are summarized in Table 6.2.  
 
At the inlet, a velocity-inlet boundary type is used in which the mixture velocity and 
the liquid volume fraction are specified. The velocity profile is assumed to be 
uniform. This approach requires no additional experimental knowledge about the 
slugs in order to setup the numerical simulation. This is also similar to the way 
experimental work has been carried out (see Chapter 3 for details about the mixing 
section design). The inlet values for turbulent kinetic energy, k, and its dissipation 
rate, İ, are estimated with the following equations, Launder and Spalding (1974): 
 
inUIk 22
2
3                                                           (6.1) 
 
dkinin /2
2/3 H
                                                  (6.2) 
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Where d is the pipe diameter, and the turbulence intensity for fully developed pipe 
flow, I= 8/1Re16.0  . The walls of the pipe are assumed to be rigid and impermeable, 
in which the wall roughness was set as a smooth wall. A no-slip condition is applied 
to the velocity where there is contact at solid walls at any instant. Close to the wall, 
the standard wall function approach  based on the proposal of Launder and Spalding 
(1974) and implemented in FLUENT was employed to predict flow accurately close 
to walls by modelling turbulent boundary layer. The pressure and liquid volume 
fraction at the wall are described by a zero gradient condition since the volume 
fraction can not diffuse into the wall. At the outlet, the remaining variables are 
transported out of the computational domain with zero average static pressure so that 
the mass balance is satisfied. Operating conditions were specified as being standard 
atmospheric pressure (101.3 kPa) and temperature 20 qC. Gravity effects are 
accounted for and the acceleration of gravity taken to be -9.81 m/s2 on the vertical. 
 
Table 6.2 Boundary conditions 
 
      Zone Name         id   type  
      -------------------------------------- 
      Fluid              2    Fluid             
      Wall               3    Wall              
      Outlet             4    outflow           
      Inlet              5    velocity-inlet    
Boundary Conditions 
------------------- 
      Wall 
         Condition                     Value    
        -------------------------------------- 
         Wall Roughness Constant         smooth wall      
      Outlet 
         Condition             Value    
         --------------------------- 
         Flow rate weighting   1        
      Inlet 
         Condition                             Value     
         -------------------------------------------- 
         Velocity Magnitude                    1.6 
         X-Component of Flow Direction         1         
         Turb. Kinetic Energy                  0.025     
         Turb. Dissipation Rate                0.0072 
 
                 
6.1.2.3 Initial conditions 
At t=0 s all velocity components are set to 0 m/s. For the liquid volume fraction, the 
specified initial condition depended on the case under study; for horizontal pipe an 
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initial condition of perfectly mixed phases throughout the flow domain was set 
whereas for the inclined flow case the initial condition was the pipe full of either air or 
water. These initial conditions ease the convergence process. In addition, an initial 
guess for the turbulent kinetic energy and the dissipation rate was applied in all 
simulations studied. 
 
6.1.3   Multiphase model 
The first step in solving any multiphase problem is to determine which of the flow 
regimes best represents the investigated scenario. In the present work, isothermal 
motion of an incompressible two-phase flow is considered. The condition of slug two-
phase flow has been simulated with the Volume of Fluid (VOF) model of Hirt and 
Nichols (1981) based on Eulerian-Eulerian approach, since it is a model suitable for 
this flow regime and computationally efficient, Cook and Behnia (2001). VOF is an 
interface tracking technique that captures the interface between the phases. This 
powerful tool allows the simulation of complex free surface flows with an arbitrary 
shape in any situation included folding or break-up, Kvicinsky et al. (1999). As long 
as the interface resolution and conservation of mass, momentum, and energy is 
ensured by use of proper numerical techniques, the VOF method is accurate enough to 
capture essential flow features around the free-surface Rhee et al. (2004). It is even 
possible to handle mass and heat transfer through the interface using the VOF method. 
Compared with the interpenetrating-continua (two-fluid model) formulation, the 
interface tracking approach (VOF) can be thought of as a Direct Numerical Simulation 
(DNS) of interface motion (not of turbulence), where no closure assumptions for the 
interfacial area evolution are needed, Lakehal et al. (2002). 
 
The VOF formulation relies on the fact that two or more fluids (or phases) are not 
interpenetrating. For each additional phase that is added to the model, a variable is 
introduced: the volume fraction of the phase in the computational cell. The fields for 
all variables and properties are shared by the phases and represent volume-averaged 
values, as long as the volume fraction of each of the phases is known at each location. 
A single momentum equation is resolved throughout the domain, and the resulting 
velocity field is shared among the phases and to maintain the mass balance in the 
system the continuity equation is also solved. 
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equation consist of gravitational force and surface tension, in VOF surface tension is 
introduced by adding a momentum source. The momentum equation, equation (6.4), is 
dependent on the volume fractions of all phases through the properties U and P. Once 
the Reynolds averaging approach for turbulence modelling is applied, the Navier-
Stoke equations can be written in Cartesian tensor form as: 
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where ui is the i component of the fluid velocity u, xj is the j spatial coordinate, P is 
the static pressure, Peff is the effective viscosity as detailed in 6.1.4, Gij is the 
Kronecker delta and ji uu ''U  the Reynolds stresses 
 
The tracking of the interface(s) between the phases is accomplished by the solution of 
a continuity equation for the volume fraction (D) of one (or more) of the phases. For 
the qth phase, this equation has the following form:  
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Where S is a source, the volume fraction equation will not be solved for the primary 
phase; the primary-phase volume fraction will be computed based on the constraint:  
1
1
 ¦
 
n
q
qD                                                     (6.6) 
 
For the calculation of fluxes at control volume faces required by the VOF model, the 
geometric reconstruction scheme was used. 
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6.1.4   Turbulence model 
Turbulence must be considered in the numerical simulation since even in low flowing 
rate, the Taylor bubble rising through the liquid creates a developing film around itself 
and a wake at its tail. In order to simulate turbulence, the standard k-İ model (Launder 
and Spalding (1974)) was used for several reasons; the model is simple, is 
implemented in many commercial codes, the pipe geometry is not complicated and it 
has demonstrated capability to simulate properly many industrial processes, including 
multiphase flow, Ramos-Banderas et al. (2005), Cook and Behnia (2001) among 
others. The model is described by the following equations: 
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In the above equations, k LVWKHWXUEXOHQWNLQHWLFHQHUJ\İLVWKHGLVVLSDtion rate of k. 
V k , V H , C1 and C2 are constants whose values are 1.0, 1.3, 1.44 and 1.92 respectively, 
ui is the i component of the fluid velocity u, xj is the j spatial coordinate. The fluid 
viscosity must be corrected for turbulence in the Navier-Stokes equations employing 
an effective viscosity PPP teff   where P  is the dynamic viscosity and P t  is the 
turbulent viscosity. 
 
Table 6.3 Models used in the simulation 
 
   Model                       Settings  
  ------------------------------------------------------ 
   Space                       3D  
   Time                        Unsteady, 1st-Order Implicit  
   Viscous                     k-İ turbulence model               
   Wall Treatment              Standard Wall Functions  
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6.1.5   Discretisation and method of solution  
In order to numerically solve the system of partial and ordinary differential equations, 
discretisation of the equations has been carried out using a Finite Volume Method 
(FVM) with an algebraic segregated solver and co-located grid arrangement as 
implemented in FLUENT 6.1. In this grid arrangement pressure and velocity are both 
stored at cell centres. Details of the discretisation (FVM) can be found elsewhere (e.g. 
Versteeg and Malalasekera (1995)) and are hence omitted here. Since FLUENT uses a 
segregated solver, the continuity and momentum equations need to be linked. Various 
techniques are reported in the literature and available in FLUENT. However, The 
PISO  algorithm which stands for Pressure Implicit with Splitting of Operators, of Issa 
(1986) was employed because of its good performance to find a fast converged 
solution, Ramos-Banderas et al. (2005).  PISO is a pressure-velocity calculation 
procedure that involves one predictor step and two corrector steps. It is recommended 
in FLUENT for unsteady flow problems. 
 
6.1.6   Solver controls 
All simulations in this work are performed under time dependent conditions. For the 
time dependent solution scheme, the main controlling factor is the time step. This is 
set to give a small number of time steps as possible whilst maintaining a smoothly 
converging solution. If a large time step is chosen, then the solution changes too much 
and is therefore likely to diverge.  
 
Inside each time interval iterations are carried out to resolve the transport equations 
for that time step. As long as the time step is small enough to get convergence, the 
smaller the time step, the fewer iterations, per time step are required. For this iteration 
process to converge, it may be necessary to control the change of the variables from 
one iteration to the next. This is achieved with under relaxation factors.  Under 
relaxation factors of 0.3, 0.7 and 0.8 respectively were applied on pressure, 
momentum and turbulence kinetic energy parameters as recommended by FLUENT. 
 
A measure of how well the solution is converged can be obtained by plotting the 
residuals errors for each equation at the end of each time step. For a well-converged 
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solution, the maximum residual obtained was set to be around 10-5; typically the Root 
Mean Square residual will be an order of magnitude lower than this. 
 
Table 6.4 Solver controls 
 
Unsteady Calculation Parameters                                           
      -------------------------------------- 
      Time Step (s)                   0.0001    
      Max. Iterations Per Time Step   100  
 
Discretization Scheme 
      Variable                      Scheme  
      ------------------------------------------------- 
      Pressure                      Body Force Weighted  
      Pressure-Velocity Coupling    PISO  
      Momentum                      Second Order Upwind  
      Turbulence Kinetic Energy     Second Order Upwind  
      Turbulence Dissipation Rate   Second Order Upwind  
 
An increase of a residual after any particular time step does not necessarily imply that 
the solution is diverging. It is usual for residuals to occasionally get larger, especially 
at the beginning of a run. Reducing the under relaxation factors to extremely low 
values, say 0.01, will cause the residuals to drop. A typical residual plot for a run 
which has converged quickly is shown below. 
 
 
Figure 6.2 Example of plot of residuals 
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6.1.7   Mesh 
The mesh is an integral part of the numerical solution and must satisfy certain criteria 
to ensure a valid, and hence accurate solution, Lun et al. (1996). In this work, the 
mesh was developed using Gambit 2.0 and imported into FLUENT 6.1 where the 
calculations were performed.  
 
*DPELW¶VPHVKJHQHUDWLRQWRROVRIIHUWKHFDSDELOLW\WRSDUDPHWULFDOO\FUHDWHJULGV
from geometry in multi-block structured, unstructured hexahedral, tetrahedral, hybrid 
grids consisting of hexahedral, tetrahedral, pyramidal and prismatic cells and 
Cartesian grid formats combined with boundary conditions. Within the 3D geometries, 
different mesh schemes were tested ranging from unstructured tetrahedral to structure 
hexahedral arrangements.  
 
 
 
Figure 6.3 Typical computational domain grids representing the flow domain discretization 
for a deviated pipe 
 
From the preliminary tests it was observed that for the case of tetrahedral unstructured 
scheme, it is more difficult to reach convergence, since rapid changes in cell volume 
between adjacent cells translate into larger truncation errors. 
 
It was found that the ratio of elements to nodes is approximately 5:1 for a tetrahedral 
mesh. For example, when there were 34 000 tetrahedral elements in a mesh, there 
were approximately 7 000 nodes. This is in contrast to a hexahedral mesh where the 
ratio of elements to nodes approaches 1:1 as the grid becomes large, Table 6.5. The 
memory required for a tetrahedral mesh is about 0.4 times the memory required for a 
hexahedral mesh of the same number of elements. Alternatively a tetrahedral mesh 
has about twice the memory of a hexahedral mesh with the same number of nodes.  
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A structured hexahedral grid is more suitable when solving the case under study since 
there is more control to obtain a fine cross sectional mesh without the need to have 
and equivalent longitudinal one. Then it would make the solution process convergence 
faster. However due to the cylindrical shape of the geometry it is not easy to directly 
place a hexahedral mesh. For the cells at the corners, skweness (defined as the 
difference between the cell's shape and the shape of an equilateral cell of equivalent 
volume) will increase when the mesh density is increased as the hexahedral elements 
are opened out to almost 180 degrees and quality is poor, as a result accuracy 
decreases and the solution destabilizes. 
  
Table 6.5 Comparison of tetrahedral and hexahedral grids 
 
 Cells Faces Nodes Memory (kB) 
Tetrahedral 4347 9225 1029 297 
34776 71676 6935 2061 
Hexahedral 6400 20580 7855 1169 
51200 159120 56889 5767 
 
 
The final mesh adopted to perform the full 3dvolume simulations, shown in Figure 
6.3, is called an O-Grid and is an ideal configuration to make use of the hexahedral 
mesh properties. The mesh has good aspect ratio cells with limited skewness. It allows 
for a good representation of the boundary layer and it is adequately stretched along the 
longitudinal axis. Grid refinement was used to achieve finer resolution. A full domain 
is considered as the flow was found not to be symmetrical.   
 
The region near the wall is meshed finer than the rest of the cross section, as it 
contains the maximum amount of gradients. When using wall functions, we need to 
know the distance of the first node above the wall, )1(y  so that the normalized wall 
distance )( y values remain within 20-100. The following equation is used, Gambit 
manual (2003) 
 
)
2
Re/( fCLyy                                             (6.9) 
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Here L is the characteristic length, the diameter in case of a circular pipe. In a pipe, 
Cf/2 =0.039 * (Re-0.2). This gives an approximate idea of the value of  y.  
 
6.2.8   Grid convergence study 
CFD numerical simulations are computationally very expensive. One of the most 
significant factors influencing the computation time is the size of the computational 
grid specified by the user. In order to identify the minimum mesh density to ensure the 
solution is independent of the mesh resolution, a mesh sensitivity analysis has been 
carried out, in the construction and analysis of the CFD model. 
 
Three 3D and three 2D meshes were investigated in the present study (Table 6.6) for 
the general case of a geometry consisting of a 45q inclined pipe as illustrated in Figure 
6.1 and a suitable grid resolution has been found.  
 
Since slug two-phase flow is characterised by liquid holdup fluctuation, one aspect 
that is interesting to look at is the time trace of liquid holdup. Furthermore time 
variant liquid holdup was obtained experimentally.  
 
For the CFD model, in order to determine the holdup time series, the following 
procedure is performed: Within the pipe geometry, a cross sectional area 
(measurement section in Figure 6.1) is defined and the Area-Weighted Average value 
of the liquid volume fraction is calculated over the surface. The area-weighted average 
of the volumetric fraction of liquid is computed by dividing the summation of the 
product of the liquid volume fraction and facet area by the total area of the surface as 
follows:  
i
n
i
LL AHA
AH
A³ ¦  1
11
                                                   (6.10) 
 
Finally the value of liquid holdup in this surface is recorded every time step. 
 
Experimental liquid holdup time series was described in previous chapters. However it 
is important to point out the averaging over the probe electrodes length (50 mm). Then 
the capacitance sensor gives a volume averaged liquid holdup at each point in time. 
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First the meshes were tested with an inlet flow condition of small inlet velocity (Um = 
0.1 m/s and 0% liquid). An initial condition of domain full of water was used. This is 
similar to the simulation of a single Taylor bubble flowing in stagnant liquid. But in 
this case an initial gas bubble was formed at the bottom of the liquid filled pipe by 
entering a continuous flow of gas and the two-phase flow domain interaction allowed 
the development of the bubble over time until the terminal bubble rise velocity and 
shape were reached. Therefore, there was no need to specify a well defined 2D or 3D 
bubble.  
Table 6.6 Mesh profiles 
 
Case Domain Structure Nodes Cross section 
x  length 
Run time (hours) 
per 1 s real time 
Mesh-1 2D Quadrilateral 3900 
 
13x300 
 
1 
Mesh-2 2D Quadrilateral 12000 
 
20x600 4 
Mesh-3 
 
2D 
 
Quadrilateral 36000 
 
30x1200 100 
Mesh-4 
 
3D 
 
Hexahedral 60000 
 
100x600 50 
Mesh-5 3D Hexahedral 141000 189x746 
 
100 
Mesh-6 3D Hexahedral 500000 500x1000 1000 
 
 The velocity of the Taylor bubble Ub is given quite accurately, Weber et al. (1986) by 
the relation from Nicklin et al. (1962)   
 
UUCU dmb  0                                                    (6.11) 
 
Where is Um is the mixture velocity and the coefficient C0 accounts for the velocity 
and void fraction variations over the pipe cross section. In this equation, the second 
term in the RHS describes the velocity of Taylor bubble and it can be calculated as 
proposed by  Bendiksen (1984): 
 
                                                        

 See section 6.1 
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TT sincos UUU vdhdd                                             (6.12) 
 
Where U hd and U vd correspond to the drift velocity for the horizontal and the vertical 
case respectively. A calculation was performed to compare the performance of these 
meshes. The time calculated for the bubble to reach the measurement section turned 
out to be 11.4s. The plot of the time history of liquid volume fraction for the 5 meshes 
is shown in Figure 6.4, it can be seen that the full 3D simulation performs better than a 
2D case as the Taylor bubble rise velocity calculated is closer to the one predicted by 
the theoretical expression. 
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Figure 6.4 Effect of grid size on CFD simulation results. Time traces of liquid volume 
fraction for input liquid fraction 0 %, mixture velocity 0.1 m/s, 132d and 45q inclined flow. 
 
In order to observe the response to the velocities the meshes were tested with a larger 
inlet flow condition. In this case an inlet flow condition (Um = 1.63 m/s and Liquid 
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volume fraction=0.45) and initial condition of domain full of air was used. A 
comparison of the respective results is shown in Figure 6.5. It takes slightly less than 
4s for the liquid to arrive to the measurement section located at x=132d from the inlet 
for mesh-1, mesh-2 and mesh-3 which are in 2D whereas for the meshes in 3D (mesh-
4, mesh-5 and mesh-6) it takes about 4.5 s.  
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Figure 6.5 Effect of grid size on CFD simulation results. Time traces of liquid volume 
fraction for input liquid fraction 44.5 %, mixture velocity 1.63 m/s, 132d and 45 q inclined 
flow. 
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The Power Spectral Density (PSD) predicts that the frequency is about 2 Hz for all of 
the cases including the experiment, except for mesh-4, which is a very coarse mesh. 
Thus the main difference is found between 2D and 3D meshes. This is not a surprise, 
since the 2D simulation does not take into account the shape of the cross sectional 
area of the pipe, which in turn affects the shape of the front of the bubbles. Therefore 
the flow is not symmetric and needs to be simulated with full 3D geometry.  
 
It was observed that when the mesh is too coarse a refinement in the mesh can have a 
considerable influence on the result, as shown in Figure 6.5 from mesh-4 to mesh-5. 
However the time series of liquid holdup from mesh-5 and mesh-6 give a quite similar 
approximation to the experimental holdup time trace. 
 
It was found from the comparison of results of mesh sensitivity analysis in Figures 6.4 
and 6.5 that the mesh sensitivity does not appear to depend on the flow conditions 
(within this range of velocities). For both conditions, the mesh has an effect on the 
result, which is proportional to the result itself. This can be backed up by the fact that 
for a given grid size, the residence time of a fluid particle in a cell (t=x/u) decreases as 
the velocity increases as a result for a given time step (small enough to get 
convergence) the grid size required when the velocity increases will be larger. Also it 
was found that when the grid size is reduced, the maximum time step required to 
achieve convergence needs to be reduced accordingly. 
 
Based on the mesh sensitivity analysis presented above, mesh-5 is chosen as it has 
been observed to perform better than or as well as the others and also it takes a shorter 
time than mesh-6 to complete each simulation. In addition, the basic idea was to 
develop a grid that can be suitable for the simulation of a wide range of inlet flow 
conditions which requires only a minimum of user attention in order to reduce the 
numerical restrictions of a correct code application.  
 
It is not possible to give specific rules for the determination of both the grid size and 
the time step that will always give a converging solution; this can be explained by the 
fact that stability criteria of the Navier-Stokes equations cannot be found analytically. 
However it was found that a time step of the order of the residence time of a fluid 
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particle in a cell can give good convergence. Also it can be seen that for some 
parameters such as the translational velocity of the slug and the frequency, even a 
coarse mesh will provide useful information about the problem. 
 
The numerical investigation of the distribution of the void fraction within an inclined 
pipe is also compared in Figure 6.6 and it can be seen, that phase interface is more 
grid dependent. 
 
 
 
Mesh-2 
  
Mesh-3 
  
Mesh-5 
  
Mesh-6 
 
 
 
Figure 6.6 Effect of grid size on resolution of phase distribution for CFD simulation results. 
Contours of phase distribution of air for input liquid fraction 44.5 %, mixture velocity 1.63 
m/s, and 45q inclined flow. 
 
6.2   Validation and discussion of results 
The test model was designed to provide a generic data set that exhibits general flow 
characteristics and also to investigate a particular flow scenario in detail. The 
prediction of how phases distribute in a flow field is of first order importance in 
developing a scientific approach to multiphase flow. This involves the specification of 
the type of flow pattern and a quantitative description of where the phases are located 
for a given pattern. 
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6.2.1   Horizontal pipe 
After the first set of preliminary cases performed during the mesh sensitivity analysis, 
the next CFD case study performed in this work was the simulation of the slug two-
phase flow in a horizontal pipe for the sake of simplicity compared to the inclined 
case.  
 
In this case an inlet flow condition of Um = 1.1 m/s and Liquid volume fraction=0.18 
was used. As mentioned in Section 6.1, for the horizontal case an initial condition of 
fully dispersed flow inside the pipe was used. After an interval of liquid holdup 
fluctuation, the fluid in the domain eventually arranges itself into stratified flow 
regime and then slug initiates after a short period of time. The stratification process 
takes about 3 s. This process is shown in Figure 6.7 by means of the liquid holdup 
time series at a cross sectional area. 
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Figure 6.7 Stratification of the mixture from the initial condition of fully dispersed flow on 
horizontal pipe, Usl=0.2 m/s, Usg=0.9 m/s. 
 
 
6.2.1.1   Slug formation 
The process of slug formation occurring in a horizontal conduit following injection of 
air in a flowing liquid stream has been described by several investigators (Dukler and 
Hubbard (1975), Kordyban (1961), Kordyban (1985)). It is understood that slugs 
originate from unstable waves formed at the gas-liquid interface of a stratified flow, 
which eventually grows in amplitude to block the gas passage. This was confirmed by 
the results obtained with CFD as shown in Figure 6.8. 
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Figure 6.8 Contours of volume fraction of air for horizontal flow 
Chapter 6:  Modelling slug two-phase flow with CFD                           
 218 
In Figure 6.8 detail information on the phase distribution is presented by means of the 
contours of volume fraction of the phases. A sequence of instantaneous stages of the 
slug formation process is presented. These stages are 0.01 seconds separated from 
each other and both the liquid and gas velocities are kept constant at the inlet. The 
process is followed from a state where stratified flow exists in the domain, at that 
moment the time is considered as t=0 s. 
 
The slug formation was studied by observing the behaviour of the gas-liquid interface 
initially under stratified conditions from the inlet until the slug was formed. Several 
disturbances appear in the gas-liquid interface along the pipe. Some of these 
disturbances develop into waves that begin to grow until eventually they reach the top 
of the pipe to form a liquid slug. The slug formation process occurs very quickly.  
 
6.2.1.2   Development of the slug 
Once a slug has been initiated, it is observed that it grows. In order to follow the 
development process of the slug, a set of time traces of liquid holdup are obtained at 
particular locations as indicated in Figure 6.9. 
 
In the literature, it has been established that slugs grow by picking up more liquid in 
the front compare to the liquid that they leave behind, Dukler and Hubbard (1975). 
 
The first cross sectional area, located 26 pipe diameters away from the inlet shows a 
series of insipient slugs, it can be seen that, these insipient slugs are characterised 
initially by slow growing but suddenly its growing rate changes to reach the peak and 
the wave bridges the whole section of the pipe. Therefore on the basis of the results in 
Figure 6.9, it is confirmed that slugs form as a result of local instability at the wave 
crest rather than due to instability of the whole wave, as suggested by, Kordyban 
(1985)7KHZDYHLQVWDELOLW\UHVXOWVIURPD³%HUQRXOOLHIIHFW´ZKLFKLVUHVSRQVLEOHIRU
a normal force component acting on the wave crest in the opposite direction of 
gravity. 
 
On the contrary for a fully developed slug, Figure 6.9 (L/d=158), there is a fast 
growing holdup from a minimum value up to reach the peak and then it is followed by 
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a slow decrease of the holdup until it gets to the lowest value in the stratified liquid 
film.  
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Figure 6.9 Liquid holdup traces for slug flow at USL=0.2 m/s USG and 0.9 m/s 
  
 
It can be observed that in order to pick up liquid, there must be enough liquid in the 
stratified flow in front of the slug, which means a minimum liquid level of the liquid 
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film is required. This means that if a slug already exists, it will exist as long as the 
condition of equally picking up and shedding liquid is met. And if the film in front of 
the slug is not enough to maintain the slug, it will decay. 
 
Another interesting observation is that under this condition, it can be seen that the slug 
is always initiated from the back of the pipe and then it follows a development process 
as it travels along the pipe. 
 
Due to instability in the pressure over the gas-liquid interface, a small wave appears 
on the liquid surface. This is shown in Figures (6.10 and 6.11) where the pressure and 
velocity fields are shown for this section. It can be seen that the pressure decreases 
above the interface and the velocity increases. The gas velocity can reach values as 
high as 10 m/s under this conditions and the pressure decreases to values as low as 
300 Pa. 
 
 
 
 
 
Figure 6.10 Velocity vectors for the onset of slug flow 
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Figure 6.11 Contours of Pressure (Pa) for slug initiation 
 
 
Regarding to the liquid film, it can be seen that it decreases continuously from the 
back of the slug to the front of the next liquid slug. It is obvious that different inlet 
flow conditions will produce different shape of the liquid film interface, even for the 
same condition. A comparison was made with the shape of the experimental liquid 
film interface.  
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Figure 6.12 Film thickness profile 
 
 
The profile of static pressure along the pipe: The profile of mean static pressure 
along the pipe for different times is shown in Figures (6.13 and 6.14) it can be 
observed that pressure continuously decreases and at the end of the tube, its gradient 
tends to be uniform. 
Chapter 6:  Modelling slug two-phase flow with CFD                           
 222 
0 2 4 6
0
1
2
3
t=20 s
0 2 4 6
0
1
2
3
t=20.1 s
0 2 4 6
0
1
2
3
Pr
e
s
s
u
re
 
(kP
a
) t=20.2 s
0 2 4 6
0
1
2
3
t=20.3 s
0 2 4 6
0
1
2
3
Distance (m)
t=20.4 s
0 2 4 6
0
1
2
3
t=20.5 s
 
 
Figure 6.13 Plots profile of static pressure along the pipe. 
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Figure 6.14 Pressure profile for mixture velocity, Um= 1.1 m/s. 
 
 
Like the liquid holdup, the velocity profile also changes with both space and time as it 
is a feature for slug flow. We can observe the different profiles at different times by 
focusing on one single fixed cross-sectional area of the pipe, Figure 6.15. At large 
enough liquid flow rates, the symmetric waves assume large amplitudes. One of these 
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waves can suddenly jump up to form a liquid bridge across the pipe. This bridge can 
either collapse or grow in length to form a slug. If it forms a slug, there is a sudden 
increase in the pressure and a calming of the liquid interface behind the slug. 
 
0 1 2 3 4
-0.02
-0.01
0
0.01
0.02
R
ad
ia
l p
o
si
tio
n
 
(m
)
Velocity  (m/s) 
t=20.08 s
0 1 2 3 4
-0.02
-0.01
0
0.01
0.02
t=20.10 s
 
 
 
Figure 6.15 Plots of the velocity profile in the stratified region 
 
In order to see the different velocity profiles along the pipe at a particular time instant, 
Figure 6.16 presents a slug unit together with the velocity profiles at different sections 
along it. 
 
Velocity vectors (m/s) 
 
 
Air volume fraction 
 
 
 
Figure 6.16 Velocity vector and contours of air volume fraction for different sections along 
the slug unit, the vectors are plotted and coloured by magnitude in m/s. 
 
From figures 6.15 and 6.16, it can be observed that huge differences exist between the 
velocity profiles corresponding to the gas pocket and the liquid slug sections. For the 
liquid film and gas pocket region, the velocity profile obtained at any cross sectional 
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area of the pipe is divided into two parts, corresponding to the liquid film and gas 
pocket regions respectively, that can be identified by their different gradient of 
velocity in the y-direction. The velocity gradient is greater for the gas-pocket region 
than for the liquid film. 
 
On the other hand, for the liquid slug, the velocity gradient in the y-direction changes 
in the same way as it does in the liquid film; however, it covers the whole pipe 
section. The figure below depicts the shape of the velocity profiles that were obtained 
at different sections along a slug unit for the case under study. It can be seen in figure 
6.16 that the profile is basically parabolic, with the shape of a turbulent flow profile, 
where the velocity vectors are more homogeneous at the centre, due to the mixing 
phenomenon that occurs with high turbulence. 
 
 
 
Figure 6.17 Velocity vector distributions within the mixing section at the front of the slug, the 
vectors are plotted and coloured by magnitude in m/s. 
 
 
Figure 6.17 shows the velocity field within the mixing section at the front of the liquid 
slug for a mixture velocity of 1.6 m/s and liquid holdup 0.43. The results confirm that 
the average velocity field within the liquid slug (also known as liquid slug velocity) 
equals the mixture velocity. It is important to differentiate between the slug velocity 
and the translational velocity, which is not given explicitly by the CFD results but can 
Chapter 6:  Modelling slug two-phase flow with CFD                           
 225 
be calculated from the cross correlation of two liquid volume fraction time series, as 
done with the experimental time series, see Section 4.7. It can be seen that the liquid 
that is picked up is then accelerated from a low velocity in the liquid film to a very 
high velocity in the nose of the liquid slug. As the slugs propagate down the pipe, the 
liquid in the stratified flow is swept up and the liquid level in the whole pipe drops. 
This liquid is replenished and, when the level builds up, the whole cycle is repeated. 
 
For certain problems, one may have tR FRQGXFW ³FDVFDGHV´ RI FRPSXWDWLRQV DW
increasingly finer scales to resolve all issues. Therefore the CFD studies were 
conducted with increasing degree of sophistication and detail to clarify key issues 
such as the velocity profile. The mesh was adapted to ensure that the first 
computational node away from the wall was within the region necessary to use 
standard wall functions. It can be observed that even though in the VOF formulation, a 
unique set of conservation equations is used for the entire computational domain, the 
velocity field and fluid properties such as density and viscosity vary sharply when we 
move from one phase into the other. Such a sharp variation of the fluid properties 
across the interfaces might provoke numerical difficulties in the convergence of the 
equations. 
 
 
 
Figure 6.18 Velocity field within the film and gas pocket region. 
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6.2.3   Inclined pipe at 45q  
Initial simulation results for the 45q inclination case were presented during the mesh 
sensitivity analysis process. In this section, further and deeper analysis of the 
simulation of the inclined pipe at 45q is presented.  For the case presented in this 
section the inlet flow conditions are; USL=0.7 and USG=0.9 m/s with HL (t=0) =0.  The 
choice of this inlet conditions is due to the flow pattern found experimentally (see 
section 4.2 and 4.3). Inclined flow is more complicated than horizontal flow from 
CFD modelling point of view, due to the higher pressure gradient and turbulence that 
is generated for the inclined case under the same inlet flow conditions.  
 
A remarkable aspect of the physics of two-phase flow is that macroscopic behaviour 
can be influenced by small scale interactions.  For example the evolution of slug flow 
along a pipeline has been confirmed to strongly depend on the relative velocities 
between the elongated bubbles. At small separation distances, trailing elongated 
bubbles accelerate and eventually merge with the leading ones (Pinto and Campos 
(1996); Pinto et al. (1998); Fabre and Liné (1992); Polonsky et al. (1999)). Let us 
begin this section by taking a look at this phenomenon. 
 
In Figure 6.19, it can be observed that in the developing stage of the flow the growing 
slugs coalesce at a further distance from the inlet. As a consequence, the slug 
frequency changes along the length of the pipe and it is actually decreasing, which can 
be explained by the fact that during the merging process, both the liquid slug and the 
elongated bubble lengths increase. This process is assumed to terminate once the 
liquid velocity profiles at the back of the liquid slug are fully developed and all 
elongated bubbles propagate at the same translational velocity. The slug frequency 
along the pipe tends to be constant for that inlet flow condition.  This phenomenon 
was clearly observed in the 67 mm pipe that was transparent all the way, however  it 
was not possible to physically observe this phenomenon through the 38 mm pipe due 
to the fact that it occurs before the transparent section. Experimental studies of this 
phenomenon in three dimensions become very complex due to the effect of free 
boundaries, significant density and viscosity difference and the effect of surface 
tension. Flow instabilities resulting mainly from pressure and temperature fluctuations 
cause the mixture to arrange itself into different phase distributions. 
Chapter 6:  Modelling slug two-phase flow with CFD                           
 227 
 
 
 
 
 
 
 
 
 
 
t= 0 s 
 
t= 0.02 s 
 
t=  0.04 s 
t=  0.06 s t= 0.08 s  t= 010 s 
 
  t= 0.12 s 
 
  t=0.14 s  t= 0.16 s 
 t= 0.18 s 
 
  t=0.20 s 
 
 t= 0.22 s 
 
Figure 6.19 Bubble formation process 
 
 
 
After formation, a large bubble rapidly accelerates to its terminal rise velocity, Ub. 
The value of Ub is influenced by the balance between the buoyant rise force, and the 
drag force. It can be observed that the translation motion of the air bubble along the 
pipe with water is accompanied by the deformation of the bubble itself. It is also 
affected by the presence of other bubbles. A bubble rising moving liquid stream, will 
move at a velocity made up of its basic rising velocity in still water, plus a 
contribution due to the motion of the liquid. However, the movement of bubbles and 
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the chaotic three-dimensional (3-D) structures dominate intermittent inclined two-
phase flow hydrodynamics. It has been observed both with the experiment and with 
CFD that it is the Taylor bubble that captures small bubbles in front of it; Figures 6.19 
and 6.20 respectively. This observation supports the previous works such as Van Hout 
et al. (2002) who takes into account the effect of dispersed bubbles in continuous slug 
for the calculation of the translational velocity of elongated bubbles and Brauner and 
Ullmann (2004) who modelled the gas entrainment. 
 
 
 
 
A small bubble in front of 
the Taylor bubble 
 
 
 
The bubbles get closer to each 
other 
 
 
 
The bubbles coalesce 
 
 
Figure 6.20 Bubble coalescence 
 
In the experiments, the flow was observed through a transparent wall section both 
directly and using high speed videos. In order to better visualise and understand the 
flow behaviour, animations of the contours of phase distribution were performed. 
These animations were also compared to animations of images obtained 
experimentally with the high speed camera KODAK HS 4540.  The camera was run at 
256x256 pixels. A typical sequence snapshots recorded by the camera using a 
recording rate of 500 frames/s is presented in Figure 6.21 together with the ones 
produced by the simulations. It can be observed that, the bubble shape observed from 
the high speed video pictures over the area view of the pipe is nearly identical to the 
one predicted by the computations and the propagation velocity is very similar.  
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Time Experiment CFD simulation 
 
 
 
t = 0s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
t = 0.02s 
 
 
 
 
 
t = 0.04s 
 
 
 
 
t = 0.06s 
 
 
 
 
t = 0.08s 
 
 
Figure 6.21  Comparison between experimental images and CFD simulation contours of 
air distribution for 45 q inclination, USL=0.1 m/s and USG=0.15 m/s 
 
In addition it can be observed that small bubbles are driven along the liquid film to the 
back of the Taylor bubble. The velocity field at the defined section shows that unlike 
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horizontal flow, reverse flow that can exist for this flow condition, Figure 6.22. There 
is also a long "backflow" along the liquid film. 
 
 
 
Figure 6.22 Velocity field in a section of the liquid film where the flow changes from upward 
to downwards 
 
 
 
 
Upward flow 
 
 
Static flow 
 
 
Downward flow 
 
 
Figure 6.23 Observation of the liquid film behaviour 
 
 
Upwards flow 
Downwards flow 
Gas liquid 
interface 
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Down to the tail of the bubble (front of the liquid slug), it was observed during the 
experiments that due to the turbulent reversed jet of the liquid film at the rear of the 
bubble a highly agitated mixing zone is produced (Figure 6.24).   
 
 
 
The gas and the liquid interact 
 
 
A pocket of bubbles is formed as 
the air is trapped 
 
 
 
The pocket of air bubbles is left 
behind 
 
 
Figure 6.24 Observation of the wake of the Taylor bubble 
 
 
 
 
Figure 6.25 Velocity vectors in the wake of the slug bubble section, velocity magnitude (m/s) 
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It is difficult to measure experimentally the velocity field for these conditions due to 
the presence of the bubbles and the highly turbulent flow field; however this has been 
successfully modelled and is represented in Figure 6.24, by means of the velocity 
vectors. Figures 6.23 and 6.24 show that within the mixing section at the front of the 
liquid slug where the adjacent elements of air and water interact, the slug unit contains 
a zone of large recirculation. This is characterised by a strong rollup. The flow field 
behind the Taylor bubble controls both entrainment and dispersion of small bubbles. 
Some bubbles re-circulate back to the Taylor bubble while the remaining escapes to 
the liquid slug behind the wake. 
 
   
 
Figure 6.26 Sequential photographs of bubbles motion in the mixing section 
 
It is worth noting that the study of bubble entrainment is beyond the scope of this 
work, which would involve the use of different models (two-fluid model). In theory 
(Lakehal et al. (2002)) if the mesh is fine enough, both the two-fluid model and VOF 
should give the same result. In practice the procedure is limited by the growing 
computational effort and by increasing convergence problems. For the flow conditions 
of the cases presented here, the macroscopic behaviour of the flow (for example the 
translational velocity, Section 6.10) does not seem to be affected too much by the 
small scale interactions of bubble entrainment.  For flow conditions where more gas 
entrainment happens (at higher superficial velocities), the VOF model is not 
appropriate since the assumption of shared velocity field does not allow the fluids to 
interact properly, phases interact only through 3-dimensional motion and not by 
interpenetration of phases Frank (2005), whereas for general gas±liquid two-phase 
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flow  five major bubble interaction mechanisms may be considered, Sun et al. (2004). 
This might lead to delayed demixing times and a generally different behaviour of the 
multiphase mixture. In such situations, the free surface model can be combined with 
the full Eulerian multiphase model to provide accurate solutions.  
 
The effect of bubbles on the turbulent field is very complex since not only does the 
turbulence field in the liquid affect the distribution of bubbles, but also the bubbles 
affect the turbulence in the liquid phase. Shemer et al. (2004) used an experimental 
approach involving Particle Image Velocimetry (PIV) to measure the turbulent 
velocity field in vertical flow. Clarke and Issa (1997) performed a numerical study for 
vertical flow. A significant advantage of CFD simulations, besides the fact that they 
could potentially replace actual experiments, is that they offer a large amount of 
information on the turbulence, velocity and pressure fields. 
 
As it is known, transition to turbulent flow for bounded flows occurs between 
Reynolds numbers ( PUdu Re ) of 2000 and 3000 and are characterized by large 
fluctuations in velocity, pressure and fluid properties in both space and time in a 
random and chaotic way. These fluctuations arise from instabilities that grow until 
nonlinear interactions cause them to break down into finer and finer whirls that 
eventually are dissipated (into heat) by the action of viscosity. Figure 6.27 shows the 
time history of the velocity magnitude at a point located at the centre of the pipe in 
which turbulent flow exists. It can be observed that there is a sudden change in the 
velocity at a time about 4s, this is due to the fact that the case was run with initial 
condition of HL (t=0) =0. Therefore when the liquid arrives at this point, the increase 
in velocity fluctuation is accompanied with a change in the phase present at the point 
under consideration. 
 
By definition 00  u m/s (the average of the fluctuation is zero). Consequently, a 
better measure of the strength of the fluctuation or turbulence intensity is the average 
of the square of a fluctuating variable. Figures 6.27 (b) and (c) show the time 
evolution of the velocity fluctuation, u0, and the square of that quantity, u02. Notice 
that the latter quantity is always greater than zero as is its average. Figure 6.28 
presents the contours of turbulence intensity predicted in the pipe, it can be observed 
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that the turbulence intensity of the two-phase mixture spans over a wide range, 
however the maximum turbulence occurs in the region of the wake of the bubble, 
since the reversed liquid film flow is suddenly forced to change its direction from 
downwards to upwards. A turbulence intensity of 1% or less is generally considered 
low and turbulence intensities greater than 10% are considered high 
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Figure 6.27 Time history of the fluctuation of the velocity magnitude at a point. (a) shows the 
velocity, (b) shows the fluctuating component and (c) the square of the fluctuating component. 
Dashed lines in (a) and (c) indicate time averaged 
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As stated in previous chapters, both the pressure and pressure gradient are parameters 
of great concern in a multiphase system. The CFD modelled pressure profile along the 
pipe is shown in Figure 6.29 for different times. At any time, significant pressure 
gradient sections can be observed followed by sections of nearly constant pressure. 
The pressure drop sections correspond to the liquid slugs in the pipe whereas the 
sections of constant pressure correspond to the bubble section.  It can also be observed 
that the pressure gradient is not the same along the liquid slug. At the front of the 
liquid slug, also known as the mixing section, the pressure drop presents a bigger 
slope.  
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Figure 6.29 Pressure drop profiles along the pipe. 
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The entrainment of the gas phase into the slug is accompanied by a change in pressure 
analogous to that which occurs at any sudden enlargement of a single-phase pipe. It is 
the shearing motion of the viscous fluid within the eddies that is inevitably 
accompanied by a dissipation of mechanical energy. Simplified hydrodynamic models 
of pressure drop calculation for horizontal and inclined pipes were suggested by 
Dukler and Hubbard (1975), Nicholson et al. (1978) and Stanislav et al. (1986). These 
investigators proposed that pressure loses in the near wake region behind the 
elongated bubble are due to acceleration across the mixing zone. Taitel and Barnea 
(1990) proposed that pressure drop in the liquid film needs to considered, however in 
Figure 6.29 it can be observed that this pressure drop is very small. 
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Figure 6.30 Pressure as a function of the distance along the pipe. Inclination of 45°, 
superficial velocities (m/s): gas =0.9; liquid = 0.73. 
 
In Figure 6.30, the average pressure profile along the pipe can be seen to decrease 
linearly. The difference between the two profiles at two different times is due to the 
fact that the case was initiated with HL (t=0) =0 and P (t=0) =0, and as the liquid 
enters the flow domain, the pressure is built up eventually. The experimental pressure 
gradient for this particular case was 5.07 kPa/m, whereas for the simulation it was 
found to be 4.2 kPa/m from the pressure profile in figure 6.30. 
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6.3 Further comparison between CFD and the experiment 
In spite of the current widespread use of Computational Fluid Dynamics, multiphase 
applications are not so developed.  Therefore multiphase simulations, using this 
approach, require careful validation against experimental data. Since a wide variety of 
air-water experiments have been carried out in the Nottingham University Inclinable 
rig (see appendix A), it would be useful to compare those results with FLUENT 
multiphase flow simulations. As it was done in Chapters 4 and 5, more information 
about the slug parameters for this particular case can be obtained from the time series 
of liquid holdup such as frequency. And therefore further comparisons of the 
experimental results and CFD computations can be achieved with the Probability 
Density Function (PDF) of the time series and the PSD. As can be seen in Figure 6.31 
and 6.32, the CFD results were taken during a shorter interval of time than that used in 
the experiments due to computing time limitations (experimental runs were taken for 
180 s).  However, the time simulated is enough to compare the time series of liquid 
holdup obtained. 
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         a)                                      b) 
Figure 6.31 Liquid holdup time series: a) CFD simulation  b) experiment for 45 q inclination, 
USL=0.73 m/s and USG=0.9 m/s. 
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In Figure 6.31, the time series plots look quite similar for both CFD and experiment, 
however the PDF differs, this might be due to the short time interval simulated, the 
frequency compares quite well. In the case of Figure 6.32, for frequency, the 
experimental result is for this case 1.2, whereas the CFD simulation frequency 
obtained with the PSD is 1.6 which means that it over predicts. 
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                                                  a)                                  b) 
Figure 6.32 Liquid holdup time series: a) CFD simulation  b) experiment for 45 q inclination, 
USL=0.73 m/s and USG=2.9 m/s. 
 
 
By using the time dependent holdup at two different cross sectional areas, separated 
by a known distance from each other, the slug translational velocity can also be 
obtained by applying the cross correlation technique as in Section 4.10. Figure 6.33 
shows the comparison between CFD and experimental translational velocity, for this 
case the CFD prediction is quite accurate.  
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Figure 6.33 Translational velocity comparison: a) CFD simulation b) experiment for 45 q 
inclination, USL=0.73 m/s and USG=0.9 m/s. 
 
 
Unlike experimental data, CFD data were taken during a shorter interval of time due 
to computing time limitations. However, it can be observed that they differ in less than 
2.5 per cent which is within the uncertainty range of the experiment itself, see appendix 
C.  
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6.4 Flow development 
The "fully-developed" flow is defined as one when the flow pattern does not change 
with the distance and that evolves far enough downstream. This situation offers a 
simple system to test physical understanding. Furthermore, such studies provide 
results that can find direct use. In this section flow development was studied from a 
CFD simulation point of view and the results for different cases are presented. The 
advantage of the CFD simulation respect to the physical experiment is the possibility 
to record the liquid holdup time series at many measurement sections along the pipe. 
First we present in figure 6.34 the results of a simulation performed with a 6m long 
pipe (the same length as the one used in the experiments) at 45 q inclination with the 
measurement sections located as indicated in the figure.  
 
The difference between the holdup time series obtained at 4m (L/d=105) and 5m 
(L/d=132) distances is very small, similar differences can be observed between the 
PDF graph and the PSD frequency. This is a good indication of the flow development. 
What can be seen in the result of the flow development simulation is that, the flow 
remains quite similar at the different sections for measurement.  
 
In addition, it can be observed from the liquid holdup time series that the average 
liquid holdup is decreasing when the flow is developing; this means the liquid tends to 
accumulate at the bottom of the pipe until the liquid slug is formed. 
 
In the literature some researchers (Penmatcha et al. (1996)) have recommended a 
development distance of about 600 pipe diameters. However, due to physical 
limitations in the length of the rig, the question addressed was whether a sufficient 
length to diameter (L/d) ratio had been provided so that observations taken at the end 
of the pipeline could be considered to be representation of a fully developed flow 
situation. Therefore in order to observe what may happen with a longer distance, the 
flow was simulated for a pipe 10 m long as it is shown below for 5 degrees 
inclination. In this case study a two-dimensional structured grid was used and 
observations were taken at the locations shown along the pipeline. The results 
presented in Figure 6.35 show that the flow has been developed. 
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Figure 6.34 Flow development along the pipe, 45 degrees inclination. USL=0.7 m/s and 
USG=0.9 m/s 
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Figure 6.35 Flow development along the pipe. USL=0.7 m/s and USG=0.3 m/s 
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6.5 Summary 
Several issues regarding features of slug flow in an inclined pipe have been addressed 
in this chapter. The numerical simulation of slug flow focused on both the validation 
of the VOF model with respect with experimental results and understanding of the 
slug motion phenomenon.  
 
x A series of progressively more complex CFD simulations were conducted in 
accordance with the experimental conditions. The first and simplest case 
simulated the condition of air bubbles flowing in an inclined pipe initially full 
of static water. This case study examined the simulation dependence on the 
employed grid in predicting the motion of slugs. Further simulations evaluated 
the motion of slugs in horizontal and inclined pipes.   
 
x From quantitative comparison of the computational and experimental results, it 
can be seen that in general CFD does predict the behaviour of multiphase flow. 
By using the VOF method, such stratified and slug flow can be simulated.  
 
x The slug flow pattern has been successfully obtained by flow interaction from 
the specification of a homogenous mixture at the inlet boundary condition. In 
the case of horizontal pipe, stratified and subsequently slug flow have been 
attained from an initial fully dispersed flow.  
 
x Comparison with experimental visualisation of different aspects of the flow 
behaviour such as the wake of the Taylor bubble and reversed flow in the 
liquid film suggests that a qualitatively good prediction of the velocity field 
was obtained. 
 
x The computed frequency and translational velocity of the slugs are in very 
close agreement with the experiment; the difference is less than 5% of the 
actual value. 
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x For the simulation of air-water slug flow flowing through a pipe, the k-İ
turbulence model used, which requires that the flow is fully turbulent, 
performs well. 
 
x A qualitative prediction of the phase distribution at the front of the liquid slug 
body has been achieved in terms of air entrainment for the case of 45q inclined 
flow with Um=1.6 m/s; in the simulation a single bubble is observed the entrain 
into the liquid slug and eventually brakes into a few smaller bubbles whereas 
the visualisation of the experiment shows that it is a pocket of small bubbles. 
However, the study of air entrainment is beyond the scope of this work. 
 
x From the results obtained, flow development has been monitored along the 
pipe. This shows advantages of CFD compared with physical experimentation. 
 
x The CFD modelling results are generally in accordance with the actual 
experimental findings. This demonstrates the capabilities of Computational 
Fluid Dynamics to model slug flows. The disadvantage of CFD is that it is still 
a computationally expensive tool due to the unsteady nature of slug flow. 
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Conclusion and further work 
 
 
 
 
In this work an extensive study of slug two-phase flow in inclined pipes has been 
presented; Experimental data on different variables (liquid holdup, pressure drop, 
structure velocity and frequency) for different inclination angles and flow rates were 
acquired and analysed, modelling of the slug flow regime has also been carried out. 
The analysis was carried out by varying liquid and gas mass flow rates and 
inclination. This has given a good insight into the phenomena that occur in inclined 
pipes.   Such a comprehensive study had not been carried out previous to the present 
work.  The great amount of data collected gives an idea of the number of experimental 
tests carried out; a total of 1120 experiments were performed in three campaigns, 
namely on a 38 mm pipe with low liquid flow rate, on a 38 mm pipe with high liquid 
flow rate and on a 67 mm pipe.  
 
In this chapter the final conclusions drawn from this study are summarised.   Further 
work is also proposed, in order to improve and expand the knowledge of multiphase 
flow in inclined pipes.  
 
7.1 Conclusions 
Special attention was paid to the effect of the inclination on the slug flow 
characteristics.  Data from other authors were introduced, discussed and compared to 
the present data.  Results from other works concerning frequency of slugs and 
structure velocity were confirmed. In addition, computational fluid dynamics 
modelling was performed in order to better understand multiphase flow interaction in 
inclined pipes. 
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7.1.1 Conclusions for gas-liquid flow in 38 mm pipe 
 
x For a constant liquid superficial velocity, the average liquid holdup decreases 
as the gas velocity is increased. For downwards stratified flow, the liquid 
holdup becomes independent of the gas superficial velocity over the range of 
gas flow rate employed but is a function of the liquid flow rate.  
 
x  In upwards flow, the pipe inclination has just a slight effect on the liquid 
holdup.  The liquid holdup increased slightly for the higher inclination angles.  
 
x It is confirmed that intermittent flow exists as the dominant flow pattern in 
upward inclined flow. 
 
x Unlike the liquid holdup, the frequency is strongly affected by the inclination 
angle. At low gas superficial velocities, the frequency depends on the angle of 
inclination in such a way that it tends to have a maximum at about 50 degrees. 
For high mixture velocities, the more deviated from horizontal, the higher the 
frequency. 
 
x In slug flow the expected linear dependence of the structure velocity on the 
mixture velocity has been confirmed. 
 
x The liquid holdup in the liquid slug body appears to decrease with the gas 
superficial velocity and slightly with pipe inclination. 
 
x Average slug lengths were in the order of 10 to 30 pipe diameters, and 
relatively independent of flow conditions. 
 
x The slug length tends to decrease as the frequency increases and also with the 
inclination angle. 
 
x The frequency is significantly affected by the change in the liquid flow rate. 
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7.1.2 Conclusions for gas-liquid flow in 67 mm pipe  
 
x For the range of flow conditions studied in the present work: No effect of the 
pipe diameter on the average liquid holdup was observed at liquid superficial 
velocity of 0.2 m/s, however when the liquid flow rate is increased to 0.7 m/s, 
the holdup tends to be slightly higher for the bigger pipe diameter. The same 
tendency is observed for the pressure gradient, since it strongly depends on the 
liquid holdup, particularly for steep inclination angles and lower gas flow 
rates. 
 
x The structure velocity shows a trend with the mixture velocity for both pipes, 
but it is higher for the larger pipe diameter. This due to the fact that, as found 
by Van Hout et al. (2002), the drift velocity for continous slug flow is 
enhanced by the dispersed bubbles in the liquid slug body. These dispersed 
bubbles contribute to the drift velocity by coalesing with the elongated bubble 
at its nose. Therefore the drift velocity contribution calculated assuming 
stagnant liquid is very small compared to the discrepancies found.  
 
x Since it is the structure velocity and the holdup in the liquid slug body that are 
more affected by the pipe diameter, it can be deduced that the increase in the 
slug length and structure velocity is due to a more aerated liquid slug. Another 
way to look at it is that in order to maintain continuity for the phases (liquid), 
faster slugs will contain more dispersed bubbles and they will  be longer.  
 
x Increase of pipe diameter displaces the bubbly-slug transition to the right hand 
side on the flow pattern map for inclined flow, and for horizontal the stratified-
slug transition is moved up. 
 
x Increasing pipe diameter, from 38 to 67 mm, on the two-phase mixture 
behaviour has been found to have some influence, yet bigger changes in the 
pipe diameter can produce a more significant significant effect. 
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7.1.3 Conclusions for modelling of slug flow with CFD 
 
x A series of progressively more complex CFD simulations were conducted in 
accordance with the experimental conditions. The first and simplest case 
simulated the condition of air bubbles flowing in an inclined pipe initially full 
of static water. This case study examined the simulation dependence on the 
employed grid in predicting the motion of slugs. Further simulations evaluated 
the motion of slugs in horizontal and inclined pipes.   
 
x From quantitative comparison of the computational and experimental results, it 
can be seen that in general CFD does predict the behaviour of multiphase flow. 
By using the VOF method, which tracks the interface between the phases, free 
surface flows, such as stratified and slug flow can be simulated.  
 
x The slug flow pattern has been successfully obtained by flow interaction from 
the specification of a homogenous mixture at the inlet boundary condition. In 
the case of horizontal pipe, stratified and subsequently slug flow have been 
attained from an initial fully dispersed flow.  
 
x Comparison with experimental visualisation of different aspects of the flow 
behaviour such as the wake of the Taylor bubble and reversed flow in the 
liquid film suggests that a qualitative good prediction of the velocity field was 
obtained. 
 
x The computed frequency and translational velocity of the slugs are in very 
close agreement with the experiment; the difference is less than 5% of the 
actual value. 
 
x For the simulation of air-water slug flow flowing through a pipe, the k-İ
turbulence model used, which requires that the flow is fully turbulent, 
performs well. 
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x A qualitative prediction of the phase distribution at the front of the liquid slug 
body has been achieved in terms of air entrainment for the case of 45q inclined 
flow with Um=1.6 m/s; in the simulation a single bubble is observed the entrain 
into the liquid slug and eventually brakes into a few smaller bubbles whereas 
the visualisation of the experiment shows that it is a pocket of small bubbles. 
However, the study of air entrainment is beyond the scope of this work. 
 
x The CFD modelling results are in accordance with the actual experimental 
findings. This demonstrates the capabilities of Computational Fluid Dynamics 
to model slug flows. The disadvantage of CFD is that it is still a 
computationally expensive tool due to the unsteady nature of slug flow. 
 
 
7.2 Recommendations for future work 
Although we have performed an extensive study on slug two-phase flow in inclined 
pipes using two pipe diameters, there are still some issues that need further 
investigation: 
 
x Since four capacitance probes have been developed in the laboratory, future 
works should consider the use of all four probes along the pipe.  This would 
allow the observation of the flow development along the pipe.  
 
x As for the capacitance probes, in order to get more accurate results, the 
capacitance probes should be calibrated at different inclination angles. The 
liquid should have low conductivity, otherwise it acts as a capacitor rather than 
as a dielectric. In addition these electrodes should also be wide as to cover the 
whole pipe perimeter. 
 
x To add a pressure gauge transducer in the measurement section of the pipe in 
order to identify the flow pattern from the gauge pressure signal. 
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x The use of a DP cell with a narrower range of pressure drop measurement for 
near horizontal inclinations; for these inclinations, the pressure drop is small 
and therefore this would allow more accurate measurements. 
 
x More sophisticated instrumentation should be used (wire mesh sensor). This 
will allow obtaining the volume fraction distribution in the cross sectional area 
of the pipe and bubble size distribution.  
 
x Further experiments on pressure drop should be carried out for higher flow 
rates both of gas and liquid.  A further investigation would confirm the results 
found on the effect of the inclination on pressure drop. 
 
x Consideration should be paid to the use of more industrially relevant fluids 
such as silicon oil and kerosene. Investigating the effect of fluid properties 
(viscosity, density and surface tension) would be of particular interest in the oil 
& gas industry applications where liquids and gases have different properties 
from those involved in the present work. 
 
x Different pipe diameters, both bigger and smaller should be tested in order to 
better characterise the effect of pipe diameter on the two-phase mixture 
parameters such as flow pattern and liquid holdup.  
 
x In order to explore the capabilities of the CFD models, a natural step for future 
simulations will be to utilize the two-fluid model and compare it with the VOF 
model under the same conditions. This will establish advantages and 
disadvantages of each approach in future applications. 
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Nomenclature 
 
 
 
Symbol 
 
Description, Units 
 
A Cross sectional area, m2 
c Constant, (section 3.2.7) 
C Capacitance, F 
C0 Accounts for velocity variations over pipe cross section 
CDT Drag coefficient for the Taylor bubble  
CL Input liquid volume fraction, CL=USL/Um 
d Diameter of the tube, mm 
EL In-situ liquid volume fraction 
f Friction factor 32.0(Re)
125.00014.0  f ; Frequency (Hz) 
F Force, N 
G Mass flux, kg/m2 
Hf Liquid film holdup 
HL Liquid holdup 
HS Liquid holdup in the liquid slug body 
h Height, m 
g Gravity constant, 9.81 m/s2  
I Turbulence intensity, % 
k Turbulent kinetic energy, J 
K Dielectric constant, Fm-1 
l Characteristic length , m 
L Length of the tube,  m 
Lf Liquid film length, m 
LS Liquid slug length, m  
m  Mass flow rate, kg/s 
P Pressure (Pa) 
'P Pressure difference, pressure drop,  Pa 
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SĮ Probability density function, % 
Pw Wetted perimeter, m 
Q Volumetric flow rate of the mixture, m3/s 
R Result 
QG Volumetric flow rate of gas, m3/s 
QL Volumetric flow rate of liquid, m3/s 
r Radius of curvature, m 
S Source term, Standard deviation 
t Time, s 
T Sample period, s 
u Velocity, m/s; uncertainty, % 
u0 Velocity fluctuating component, m/s;  
U  Mean velocity, m/s 
Ud Drift velocity 
U hd  Drift velocity for the horizontal, m/s 
U vd  Drift velocity for the vertical, m/s 
Uf Film velocity, m/s 
UG Mean velocity of gas, m/s 
Um Mixture homogeneous velocity, m/s 
UL Mean velocity of liquid, m/s 
Ur Relative velocity, m/s 
US Slug velocity, m/s 
USG Gas superficial velocity, m/s 
USL Liquid superficial velocity, m/s 
Uf Bubble rise velocity, m/s 
UfTT Taylor bubble rise velocity at inclination T, m/s 
Ut Translational velocity, m/s 
V Volume, m3; valve 
X Lockhart-Martinelli parameter 
x x-axis, measured variable 
y y-axis; distance from the wall in equation (6.9), m 
y
 
Normalized wall distance 
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z z-axis 
 
 
 
Greek Symbols 
 
D Volume fraction 
Gij Kronecker delta 
H Rate of dissipation of k, J/s 
H Error in models and correlations, % 
T Inclination angle with respect to horizontal,  q 
ı Surface tension, N/m; Stress tensor; Standard deviation 
J Distribution coefficient  
U Density, kg/m3 
Un Non slip mixture density, kg/m3 
P Viscosity, Pas 
Z Oscillation frequency, Hz 
Wi Interfacial shear stress, Pa 
Ĳw Wall shear stress, Pa 
W Time displacement, s 
 
Subscripts 
 
b Bubble 
acc Accelerational 
fric Frictional 
grav Gravitational 
d Drift 
eff Effective 
f Liquid film 
G Gas 
h Horizontal 
i Indicates velocity component; number of a variable 
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j Indicates spatial coordinate 
L Liquid 
m Mixture 
n Number 
N Number 
min Minimum 
max Maximum 
q Indicates phase 
s Slug, Standard conditions 
t Translational, turbulent 
tp Two-phase 
u Slug unit 
v Vertical 
p point 
 
 
Abbreviations 
 
ac Alternate Current 
CFD Computational Fluid Dynamics 
dc Direct Current 
DFT Discrete Fourier Transform 
DNS Direct Numerical Simulation 
DP Differential Pressure 
ECT Electrical Capacitance Tomography 
FFT Fast Fourier Transform 
fps Frames per second 
FVC Frequency to Voltage Converter 
FVM Finite Volume Method 
LHS Left Hand Side 
PCB Printed Circuit Board 
PDF Probability Density Function 
PISO Pressure Implicit with Splitting of Operators 
PSD Power Spectral Density 
PVC Polyvinyl Chloride 
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RC Resistive-Capacitive 
RHS Right Hand Side 
SIMPLE Semi Implicit Pressure Linked Equations  
SNR Signal to Noise Ratio 
VOF Volume of Fluid 
 
 
 
 
Dimensionless numbers 
 
Re Reynolds number Re = Udv/P 
Fr Froud Number,  Frm=Um2/gd 
Ku Kutadelaze number 
ODE  Eotvos number, V
U 2gd
E LOD   
St Strouhal Number, 6W ȦOY 
X Lockhart-Martinelli parameter 
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Appendix A 
 
Test Matrix 
 
 
 
Table A.1 Test matrix for 38 mm pipe, campaign 1  
 
 
USG [m/s] 
USL [m/s] 0.15 0.88 1.52 2.28 3.04 3.97 4.91 6.89 9.33 12.32 
USL=0.04 
0q 0q 0q 0q 0q 0q 0q 0q 0q 0q 
5q 5q 5q 5q 5q 5q 5q 5q 5q 5q 
10q 10q 10q 10q 10q 10q 10q 10q 10q 10q 
30q 30q 30q 30q 30q 30q 30q 30q 30q 30q 
45q 45q 45q 45q 45q 45q 45q 45q 45q 45q 
60q 60q 60q 60q 60q 60q 60q 60q 60q 60q 
75q 75q 75q 75q 75q 75q 75q 75q 75q 75q 
85q 85q 85q 85q 85q 85q 85q 85q 85q 85q 
90q 90q 90q 90q 90q 90q 90q 90q 90q 90q 
USL=0.05 
-5q -5q -5q -5q -5q -5q -5q -5q -5q -5q 
0q 0q 0q 0q 0q 0q 0q 0q 0q 0q 
5q 5q 5q 5q 5q 5q 5q 5q 5q 5q 
10q 10q 10q 10q 10q 10q 10q 10q 10q 10q 
50q 50q 50q 50q 50q 50q 50q 50q 50q 50q 
75q 75q 75q 75q 75q 75q 75q 75q 75q 75q 
85q 85q 85q 85q 85q 85q 85q 85q 85q 85q 
90q 90q 90q 90q 90q 90q 90q 90q 90q 90q 
 
 
 
 
USL=0.06 
 
 
 
 
 
          
0q 0q 0q 0q 0q 0q 0q 0q 0q 0q 
5q 5q 5q 5q 5q 5q 5q 5q 5q 5q 
10q 10q 10q 10q 10q 10q 10q 10q 10q 10q 
30q 30q 30q 30q 30q 30q 30q 30q 30q 30q 
45q 45q 45q 45q 45q 45q 45q 45q 45q 45q 
60q 60q 60q 60q 60q 60q 60q 60q 60q 60q 
75q 75q 75q 75q 75q 75q 75q 75q 75q 75q 
85q 85q 85q 85q 85q 85q 85q 85q 85q 85q 
90q 90q 90q 90q 90q 90q 90q 90q 90q 90q 
USL=0.08 
          
0q 0q 0q 0q 0q 0q 0q 0q 0q 0q 
5q 5q 5q 5q 5q 5q 5q 5q 5q 5q 
10q 10q 10q 10q 10q 10q 10q 10q 10q 10q 
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30q 30q 30q 30q 30q 30q 30q 30q 30q 30q 
45q 45q 45q 45q 45q 45q 45q 45q 45q 45q 
60q 60q 60q 60q 60q 60q 60q 60q 60q 60q 
75q 75q 75q 75q 75q 75q 75q 75q 75q 75q 
85q 85q 85q 85q 85q 85q 85q 85q 85q 85q 
90q 90q 90q 90q 90q 90q 90q 90q 90q 90q 
USL=0.1 
-5q -5q -5q -5q -5q -5q -5q -5q -5q -5q 
0q 0q 0q 0q 0q 0q 0q 0q 0q 0q 
5q 5q 5q 5q 5q 5q 5q 5q 5q 5q 
10q 10q 10q 10q 10q 10q 10q 10q 10q 10q 
30q 30q 30q 30q 30q 30q 30q 30q 30q 30q 
45q 45q 45q 45q 45q 45q 45q 45q 45q 45q 
50q 50q 50q 50q 50q 50q 50q 50q 50q 50q 
60q 60q 60q 60q 60q 60q 60q 60q 60q 60q 
75q 75q 75q 75q 75q 75q 75q 75q 75q 75q 
85q 85q 85q 85q 85q 85q 85q 85q 85q 85q 
90q 90q 90q 90q 90q 90q 90q 90q 90q 90q 
USL=0.13 
          
0q 0q 0q 0q 0q 0q 0q 0q 0q 0q 
5q 5q 5q 5q 5q 5q 5q 5q 5q 5q 
10q 10q 10q 10q 10q 10q 10q 10q 10q 10q 
60q 60q 60q 60q 60q 60q 60q 60q 60q 60q 
          
 
 
USL=0.15 
 
-5q -5q -5q -5q -5q -5q -5q -5q -5q -5q 
30q 30q 30q 30q 30q 30q 30q 30q 30q 30q 
45q 45q 45q 45q 45q 45q 45q 45q 45q 45q 
50q 50q 50q 50q 50q 50q 50q 50q 50q 50q 
60q 60q 60q 60q 60q 60q 60q 60q 60q 60q 
75q 75q 75q 75q 75q 75q 75q 75q 75q 75q 
85q 85q 85q 85q 85q 85q 85q 85q 85q 85q 
90q 90q 90q 90q 90q 90q 90q 90q 90q 90q 
 
 
 
 
 
 
USL=0.2 
 
 
 
 
 
 
-5q -5q -5q -5q -5q -5q -5q -5q -5q -5q 
0q 0q 0q 0q 0q 0q 0q 0q 0q 0q 
5q 5q 5q 5q 5q 5q 5q 5q 5q 5q 
10q 10q 10q 10q 10q 10q 10q 10q 10q 10q 
30q 30q 30q 30q 30q 30q 30q 30q 30q 30q 
45q 45q 45q 45q 45q 45q 45q 45q 45q 45q 
50q 50q 50q 50q 50q 50q 50q 50q 50q 50q 
60q 60q 60q 60q 60q 60q 60q 60q 60q 60q 
75q 75q 75q 75q 75q 75q 75q 75q 75q 75q 
85q 85q 85q 85q 85q 85q 85q 85q 85q 85q 
90q 90q 90q 90q 90q 90q 90q 90q 90q 90q 
 
 
 
 
 
 
USG [m/s] 
0.29 0.58 0.88 1.18 1.47 
-5q -5q -5q -5q -5q 
0q 0q 0q 0q 0q 
5q 5q 5q 5q 5q 
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USL=0.2 
10q 10q 10q 10q 10q 
20q 20q 20q 20q 20q 
30q 30q 30q 30q 30q 
40q 40q 40q 40q 40q 
50q 50q 50q 50q 50q 
60q 60q 60q 60q 60q 
70q 70q 70q 70q 70q 
80q 80q 80q 80q 80q 
90q 90q 90q 90q 90q 
 
 
 
Table A.2 Test matrix for 38 mm pipe, campaign 2  
 
 
 
 
 
 
 
 
USL=0.73 
USG [m/s] 
0.15 0.29 0.44 0.59 0.73 0.88 1.17 1.47 2.2 2.93 
-5q -5q -5q -5q -5q -5q -5q -5q -5q -5q 
0q 0q 0q 0q 0q 0q 0q 0q 0q 0q 
5q 5q 5q 5q 5q 5q 5q 5q 5q 5q 
10q 10q 10q 10q 10q 10q 10q 10q 10q 10q 
20q 20q 20q 20q 20q 20q 20q 20q 20q 20q 
30q 30q 30q 30q 30q 30q 30q 30q 30q 30q 
40q 40q 40q 40q 40q 40q 40q 40q 40q 40q 
50q 50q 50q 50q 50q 50q 50q 50q 50q 50q 
60q 60q 60q 60q 60q 60q 60q 60q 60q 60q 
70q 70q 70q 70q 70q 70q 70q 70q 70q 70q 
80q 80q 80q 80q 80q 80q 80q 80q 80q 80q 
90q 90q 90q 90q 90q 90q 90q 90q 90q 90q 
 
 
 
Table A.3 Test matrix for 67 mm pipe 
 
 
 
 
 
 
 
 
USL=0.73 
USG [m/s] 
0.15 0.29 0.44 0.88 1.17 1.47 2.2 2.93 
-5q -5q -5q -5q -5q -5q -5q -5q 
0q 0q 0q 0q 0q 0q 0q 0q 
5q 5q 5q 5q 5q 5q 5q 5q 
20q 20q 20q 20q 20q 20q 20q 20q 
30q 30q 30q 30q 30q 30q 30q 30q 
45q 45q 45q 45q 45q 45q 45q 45q 
60q 60q 60q 60q 60q 60q 60q 60q 
80q 80q 80q 80q 80q 80q 80q 80q 
90q 90q 90q 90q 90q 90q 90q 90q 
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Appendix B 
 
Rig operating procedure 
 
 
 
 
B.1 Start up and shout down procedure 
1. Examine the different parts of the apparatus to make sure they are in good 
condition. This includes checking the flow meters, pressure gauges, valves, pipes, 
flexible hoses, pump and the tanks. 
2. Make sure that the liquid supply tank contains enough water or solution for the 
operation, that is it should not have a low liquid level. 
3. Make sure that valve (X1) is open. 
4. Start the air flow by opening (V1) valve and adjust flow rate to approximate 
correct value. 
5. Open the bypass Valve (V5) 
6. Turn  on the pump 
7. Select the appropriate flow meter and open valve (V2, V3 or V4) connected to it. 
8. The rig is initially operated vertically to eliminate and control any air bubbles. The 
rig is then tilted. 
9. To start controlling the gas and liquid flow rates until required values are reached. 
 
B.2 Shout down 
 
1. The rig should be return to the vertical position and fasten it with the large screw. 
 
The water flow is shut down as follows: 
2. Open the bypass valve (V5) 
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V5 
3. Close the flow meter valve (V2, V3 or V4) 
4. Turn off the pump 
5. The air flow should not be shutdown immediately so that the air discharges any 
water that is present in the rig to the separation tank. 
6. Turn off the air by closing (V1) valve. 
 
B.3 Emergency shut down: 
1. Turn off the pump to stop water circulation. 
2. Closing valve (V1) to stop the air flow. 
 
Rig Diagrams 
 
 
 
 
 
 
 
      V4      
 
 
V5 
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V6 
V6 
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Appendix C 
 
Error analysis 
 
 
The result obtained from measuring will only approach the truth. Measurement, by its 
nature, is inexact; the magnitude of that "inexactness" is the error. Error refers to the 
disagreement between a measurement and the true or accepted value. Since we must 
know the true or correct value to discuss the error, the concept of error is not that 
important in the discussion of experimental results and the concept of uncertainty is 
introduced. 
ErrorvalueTruevalueMeasured   
 
Uncertainty of a measured value is an interval around that value such that any 
repetition of the measurement will produce a new result that lies within this interval. 
This uncertainty interval is assigned following established principles of uncertainty 
estimation.  
 
C.1 Estimation of the measurement uncertainty interval: 
One possible way to find the uncertainty interval for each variable would be to repeat 
each measurement many times. The result would be a distribution of data for each 
variable. This distribution of data values is often represented by showing a single data 
point, representing the mean value of the data, and error bars to represent the overall 
distribution of the data.  The data scatter for a normal distribution is characterized by 
the standard deviation, V. The uncertainty interval for each measured variable, xi, may 
be stated as + nVi, where n=1, 2 or 3. For normally distributed data, over 99 percent of 
measured values of xi lie within +  3Vi, of the mean value,  95 percent lie within + 2V 
i, and 68 percent lie within + Vi, of the mean value data set. Thus it would be possible 
to quantify expected errors within any desired confidence limit if a statistically 
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significant sample were available. 
 
The method of repeated measurements usually is impractical. In most applications, 
usually it is impossible to obtain enough data for a statistically significant sample 
owing to the excessive time and cost involved. However, the normal distribution 
suggests several important concepts: Small errors are more likely than large ones, plus 
and minus errors are about equally likely, no finite maximum error can be specified. 
 
C.3 Sample calculation  
In this section we present an example for the determination of the uncertainty for the 
measurements based on the concepts introduced above. For this sample let us consider 
a flow condition where the gas superficial velocity, Usg, is 2.9 m/s, the liquid 
superficial velocity, Usl, is 0.7 m/s, the air inlet pressure, Pinlet, is 1.6 bara and the 
pressure difference between the two tappings, ǻ3cell, is 1.05 kPa. 
 
 
The measurements are used to calculate some result, R, for the experiment. Therefore 
it is necessary to analyse how errors in the xis, propagate into the calculation of  R.  In 
general R, may be expressed mathematically as R( x1, x2,  . . .,xn). The effect on R of 
an error in measuring an individual xi may be estimated by analogy to the derivative of 
a function. A variation, Gxi, in xi would cause variation GRi in R, Fox, R. W., 
McDonald, A. T., and Pritchard, P. J. (2006) 
 
x
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i
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w                                                      (C.1) 
The relative variation in R is 
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w w
w 1                                       (C.2) 
 
Equation (C.2) may be used to estimate the relative uncertainty in the result due to 
uncertainty in xi. Introducing the notation for relative uncertainty, we obtain 
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u
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w                                               (C.3) 
How do we estimate the relative uncertainty in R caused by the combined effects of 
the relative uncertainties in all the xis. The random error in each variable has a range 
of values within the uncertainty interval. It is unlikely that all errors will have adverse 
values at the same time. It can be shown that the best representation for the relative 
uncertainty of the result is 
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C.3.1 Uncertainty on the air superficial velocity: 
 
A reasonable estimate of the measurement uncertainty due to random error in a single 
sample experiment usually is plus or minus half the smallest scale division (or least 
count) of the instrument. If the measuring instrument is the limiting factor, we can use 
the manufacturer's documentation to determine its accuracy and precision.  
 
The air superficial velocity is obtained by reading the number in the scale of the 
rotameter that has a least count of 5 l/min. The uncertainty in reading the air rotameter 
is thus, u(Usg) = 0.5 the least count. This error gives an uncertainty in the air 
superficial velocity of: 
 
u(Usl) =  ±0.03 m/s                           (C.5) 
 
The fraction uncertainty is, therefore: 
 
  %101.0
9.2
03.0    
sl
sl
U
Uu
                                    (C6) 
 
The air superficial velocity can be written as Usl = (2.9 ± 0.01) m/s   
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C.3.2 Uncertainty on the liquid superficial velocity: 
The liquid superficial velocity is obtained by reading the number in the scale of the 
liquid rotameter that has a least count of 10 l/min. The uncertainty in reading the 
liquid rotameter is, u(Usl) = 0.5 the least count . This error gives an uncertainty in the 
liquid superficial velocity of: 
 
u(Usl) =  ±0.06 m/s     (C.7) 
 
The fraction uncertainty is, therefore: 
 
  %808.0
7.0
06.0 r r r 
sl
sl
U
Uu
                                (C.8) 
 
The liquid superficial velocity can be written as Usl = (0.7 ± 0.06) m/s 
 
C.3.3 Uncertainty on the mixture velocity: 
The mixture velocity is obtained from the addition of the gas and liquid superficial 
velocities.   
SGSLm UUU                                                   (C.9) 
 
The propagation of the uncertainty from the gas and liquid superficial velocity gives: 
 
smUuUuUu SGSLm /067.003.006.0)()()( 2222 r r r         (C.10) 
 
The fraction uncertainty is, therefore: 
 
  %8.1018.0
6.3
067.0 r r r 
m
m
U
Uu
                       (C.11) 
 
The mixture velocity can be written as Um = (3.6 ± 0.067) m/s 
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C.3.4 Uncertainty on the liquid holdup: 
The uncertainty of the liquid holdup comes from the uncertainty of the capacitance 
probe. In order to determine the uncertainty of the capacitance probes, several 
calibrations were performed as described in Chapter 3. During calibration, we also 
determined robustness of equation forms and coefficients and collect sufficient data to 
statistically define accuracy performance limits. In addition, the capacitance probes 
were compared with the wire mesh sensor (Section 5.8), they performed quite similar 
as can be seen in Figure C.2 
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Figure C.2 Liquid holdup uncertainty 
 
C.3.5 Uncertainty on the pressure gradient: 
Manufacturers will usually specify the accuracy and precision to be expected from 
their equipment as a uncertainty. Both accuracy and precision affect how many 
significant digits can be reported. Precision is the ability to produce the same value 
within given accuracy bounds when successive readings of a specific quantity are 
measured.  
 
For the pressure gradient, the uncertainty interval is given by the DP cell uncertainty, 
which in turn provided by the manufacturer as + 0.025% of the range. The range is 0- 
70 kPa. A calibration process (Section 3.2.5) was used to check or adjust the output of 
a measuring device in convenient units of pressure.          
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Appendix D 
 
Further flow pattern identification 
 
 
In addition to the PDF of the liquid holdup, the following statistical parameters 
associated with the N samples of liquid holdup data were also obtained, since these 
parameters have been successfully used by Hasanein et al. (1997) among others to 
determine the flow pattern in small pipes. 
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In order to classify the PDF as to whether it is uni-modal (i.e. has one peak) or 
bimodal (i.e. has two peaks). These relations are: 
 
2)3/4( 2  aa SK                                                         (D.5) 
 
12  aa SK                                                            (D.6) 
 
 
Equation (D.5) gives the boundary between intermittent flow and bubbly or annular 
flow while Equation (D.6) gives the lower bound for intermittent flows. 
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Figure D.1 Two-phase flow patterns in horizontal pipes 
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